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SUMMARY

This investigation was undertaken to support the FLTSATCOM (FSC) UHF
hardware test program and to develop materials and process guidelines for
the flight hardware development. The phenomenology program ccnsisted of
both an experimental and theoretical evaluation of IM producing effects
present in the FSC system.

An initial step of collection of an IM data bank had been taken, but
upon examination only very little information of direct use was found. The
disparities were either in terms of vastly different frequencies or very
different environments. For example, ship based systems with the IM sources
associated with materials and structures not necessarily part of the affected
transmitter/receiver system, or ground based systems.

The theoretical work had as its principal goal the establishment of a
floor for IM levels in UHF components and a secondary goal of support for
the experimental program. The latter program obtained data on the produc-
tion of IM's in several cases of interest to FSC. The overall program
guideline was to obtain sound results in a few selected areas rather than
to do a broad survey.

The bulk of the experimental work was done on a common junction test
fixture, which provided a single test volume within which potential IM gen-
erating structures and materials could be placed and then current-voltage
transfer characteristics and power dependence measured. The noise level of
the associated IM recefver was about -140 dBm. Based upon some guidance
obtained from the data bank and those materials and processes which the:
FSC program had identified as suspicious, several effects were selected
for study. These are shown in Table 1. Some of IM levels measured from
several of the effects are also given in Table 1. Table 2 gives some esti-
mates of IM levels determined to be “floor" in several components.

The principal conclusions of this report are a set of guidelines for
materials and processes derived from the experiments on IM phencmena per-
formed. These are given in digest form in Table 3.
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Although this investigation was successful in revealing some IM phe-
nomena of system level importance, and in showing some remedies, there
remain considerable {dentified, knowledge gaps. These are summarized in
terms of requirements for further woqk in Table 4.

Table 1. Principal Effects Studied Experimentally

o JUNCTION MECHANISMS Experimentally determined that non-
linearity disappears when contact
pressure increases. "Poor" contacts
are easier to avoid with coaxial com-
ponents than with waveguide compo-
nents. These junction effects are
large. In this investigation their
levels suggested that other sources

| be examined (highiy variable levels).

o MAGNETIC ARTIFACTS It is well known that ferro-or-ferri-
magnetic materials are good IM gen-
erators. Their use must be avoided
or they must be used in low power
density and/or poorly coupled areas.
Their avoidance however is not easy.
The use of tools containing iron in
the drawing of tubing or in the

| machining of components apparently

leaves magnetic inclusions. Nickel

and iron have been found in all por-
tions of the coaxial cable used tn

FSC. Also very small particles of

magnetic "dirt" can easily be picked

up on surfaces. (-140 dBm to

-115 d8m for one meter of coaxial

cable)

e SOFT SOLDER JOINTS We have not uniquely identified the
reason these joints generate IM's.
The strongest 1ikelihood is that por-
tions of such a joint constitute a
poor junction with the substrate
metal. In this case it is difficult
to increase the contact pressure.

‘ (< -140 dBm) -




Table 1.

| o ELECTROLLSS NICKEL
PLATING

Principal Lflccts Studied { xperimentally (Continued)

Nickel is a ferromagnetic material
and so would be expected to produce
IM's. However, the layer is over-
coated with copper and to an extent
is shielded. The shielding is incom-
plete. There are also some uncer-
tainties concerning the IM behavior
of the nickel in this role, in par-
ticular as regards the effect of
temperature and strain. (< -140 dBm
when covered by 0.0002 inches of
copper)

Table 2.

IM Floor
Mechanism

Nominal IM Level

fi
f

30 Watts Each

IM Floor Estimates

for FSC
= 240 MHz,

) " 270 MHz
(Zfz < fl)'
Comments

. o ————— e oo

Joule loss induced
electrical conduc-
tivity modulation
in coax walls

Field induced
electro-striction
in soli{d dielec-
trical coax

Non-1inear term in
the Lorentz force
on conduction
electrons

-170 dBm Valid for length 2 less
than 50 meters Py, P2
are the powers at fi,
f2. IM level given for
2 = 5 meters and

0.390 coax.

0.390 coax does not
employ a solid dielec-
tric. This mechanism
in that coax would be
drastically lower.

-176 dBm

-190 dBm

NOTE: In a copper component with a moderate Q; {.e., 500 the cur-
rents and consequently the IM levels will be greater. For

example, for the Joule heating modulation, and a Q = 500 the
IM level would be about -145 dBm, all other parameters being

the same as above.
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Table 3. Conclusion Digest

— - .
o Magnetic materials of nondeliberate origin in materials and
processes appear to be significant IM generators.
' o Soft solder joints are uncertain IM sources. Their effects are
not understood.
|
o CElectroless nickel plating on aluminum as a preparatory layer for |
a copper coat fs acceptable so long as the copper coating
exceeds 0,0002 mil in thickness. |
o IM "floor" levels are low, but may in come cases be close to
operatirg levels. j
Table 4. Requirements for Further Work

e Diagnostics of IM sources by observed behavior (signature)
o C(larification of the role of magnetic impurities and of solder
joints

e Extension of phenomenology efforts to include stripline compo-
nents, thermal wrap, and other surface plating/painting
materials

e Study of "good" pressure contacts to determine low level IM
problems.
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1. INTRODUCTION

This Appendix presents the results of a portion of the work performed
under an Intermodulation Phenomenology Investigation within the FLTSATCOM
(FSC) program. The work reported here was done in support of the hard-
ware, and process and material evaluation efforts within the FSC program.
The investigation consisted of two principal efforts. The first, an exper-
imental effort to study a few specific IM generating phenomena in a con-
trolled manner. This experimental effort was supported by materials analy-
sis using both visible 1ight metallography and microscopy, and a scanning
electron microprobe. The second was a theoretical effort to obtain esti-
mates of IM producing phenomena which might be irreducible 1imits in vari-
ous components. In addition, the theoretical effort provided support to the
experimental effort. This report presents in the following sections the
technical approach (Section 2) used in the experimental portion, and gives
in digest form the models and principal results obtained from the theoreti-
cal portion. The detalled theoretical treatments are collected in a series
of Addenda to this Appendix.

The remaining portion of the work performed in this task was the
investigation of methods for cancelling transmitter ginerated intermodu-
lation (IM) products by subtraction at the receiver output. These efforts
are reported separately in Part 2 of this Appendix, "Intermodulation
Cancellation Study."

The overlapping of receive bands with transmitter generated IM lies
at the root of the problem. Because of this, reduction of the strength
of IM is essential. The source of the IMs in FSC as with some other
programs is in passive components. In broad terms, materials and proc-
esses used in fabrication of the UHF equipment can exhibit a number of
physical phenomena which respond nonlinearly to electric fields and to
currents. It is this nonlinear behavior which produces the IM.

1.1 STATEMENT OF THE PROBLEM

The central problem for this task was to obtain an understanding of
the IM generating phenomena involved in the FSC hardware, and on this basis
determine materials and processes that will reduce the IM's to acceptable
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levels. The general framework of the generation and propagation of such
IM is shown in Figure 1. On this basis 1t can be seen that the IM level
which {s acceptable in a given system element varies, depending upon how
much isolation (propagation loss) exists between the producing element and
the receive antenna, and the efficiency with which the IM is produced.

The initial experimental efforts were done on junctions. It was
found that the IM levels produced were large compared to these found in
FSC hardware. Further, that the remedy for junction produced IM's was to
increase the forces on the elements comprising the junction.

Two IM generating phenomena which were identified as being particu-
larly troublesome in FSC hardware were soft solder joints; and, the use
of electroless nickel as a preparatory cnating for plating copper on alum-
fnum. It is desirable to find ways to 21low greater use of these prac-
tices, since their avoidance represents a burden to the system design.

1.2 SCOPE OF EFFORT AND PROGRAM GOALS

Shortly after the initial observation of the IM problem many guide-
lines were established based upon earlier work. These guidelines were
rather general, and were implemented rapidly into fabrication work in
process. An outline of these is shown in Table 5.

Table 5 is a brief summary of materials and processes which have been
evaluated as risky so far as IM production is concerned. The basis for
this conclusion is a very conservative one; i.e., materials and processes
have been avoided if there was any suspicion about their use. The items
in this tabulation can of course be used so long as they are illuminated
with sufficiently low power density and/or their IM's are not strongly
coupled into the receive antenna.

A1-6
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Table 5. Initially Established Material and Process Guidelines

r—- - . P

Materials or Process

Surface finishes
(grinding, polishing)

Platings

Paints

Bonding — pressure,
adhesives, soldering,

brazing, welding

Surface artifacts

Metals

A1l ferro-
magnetic
metals

Non Metals and Combinations

BN, duroid, Al-Kapton, micro-
wave absorber, graphite,
Q-Clad, Al-Mylar, carbon
metallized films and conduc-
tive glass, ferrites

Anodized aluminum

Leafing aluminum paint and
other metal containing paints

"Light" pressure contacts,
metal loaded epoxies, soft
solder

-

Metal chips, solder and con-
ductive epoxy blobs

The phenomenolougy effort was established shortly following this, and

comprised the following tasks:

/ASK DESCRIPTION

1. IM Pheromenology Experimental Effort

¢ Demonstrate production of IM products in deliberately fabri-
crated non-tinear junctions and materials.

o Deternine the importance of IM producing mechanism relative
to FSC hardware practices.

¢ Determine means of characterizing the source strength of the
important mechanisms.

o Recommended materials, fabrication techniquec, and practices
that will minimize IM generation in passive FLTSATCOM

components.,

2. ™™ Phenomenology Theoretical Effort

o Provide support of experimental program.

@ Lstablish a "floor" for IM production in critical components.

Al1-8
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3. IM Modeling Support

e Develop computer model of IM propagation in coaxial
components.

The scope of the program was 1imited to those IM producing phenomena
which directly affected FSC in terms of the established direction of the
hardware effort. A number of techniques, e.g., stripline transmission
lines and components, had been determined to be bad from an IM standpoint,
and so were eliminated from the design. The phenomenology investigation
did not specifically include such phenomena in stripline, as shown in the
task statement above. The problem of establishing a lower limit (floor)
to IM production in passive elements was specifically addressed in a theo-
retical approach.

As part of the work to reduce IM levels, tasks were also initiated to
determine 1f IM's could be cancelled by subtraction of a sample signal con-
taining IM's and not received signal from the received output. Both active
and passive cancellation schemes received attention. In addition, a new
receive antenna consisting of 4 helical elements was briefly evaluated.
This latter configuration can satisfy the requirements of the FSC receive
antenna, and in addition has intermod advantages for implementing an IM
cancellation scheme. This work on IM cancellation is reported separately.

The following sections of this Appendix describe the techrical approach
(Section 2) to the investigation for both the experimental and theoretical
efforts. In the former, the design and fabrication considerations for the
testing apparatus is given. The experimental procedures followed in its
calibration relative to the Process Test Fixture used in FSC hardware
development and in the investigation of the IM phenomenology are presented.

Section 3 gives the conclusions reached from the investigation, and
in Section 4 the requirements for future work in the generation of IM's
in passive components.

A series of addenda contain the detailed analysis of the possible IM
floor phenomena and some other analytical work performed in support of the
FSC program.

Al-9



2. TECHNICAL APPROACH

2.1 EXPERIMINTAL ZFFORT

[

Experimental affort instrumentation requirements are as follows:
e Sonatially localize the [M generation region

o Sufficient sansitivity so that IM levels generated by individual
sources can he measured

o Fuild separate apparatus so that measurements could be made by
ciftercent rethods and without interference to program hardware

cg>velopment.,
This section pr2sents the experimental and theoretical aspects of the
IM investigetion. In 2.1 the design considerations and operating param-
eters of the tect apparatus are given. Following this the IM phenomena
studied and orir-ipal results cbtained are stated. The format for the

bulk of tnis sccticr is that of annotated summary charts. The results
include o fevw i1ters ahich could not be fully studied, but which appear to
be relatable te. rvations made in some of the hardware tests.
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CLOSE-UP OF INTERACTION REGION

Double-Resonance Intermodulation Measurement

Figure 2.
Apparatus (Continued)
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SECTION 2.1.1

MAGNETIC MATERIALS OF NONDELIBERATE ORIGIN
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The isometric plots shown in this section show clearly the departure
of IM production from an (1f12 1f2) dependence (two carrier third order IM)
particularly at low drive currents (or corresponding magnetic flux density
levels). They suggest that at higher drive (see Figure 5) levels the
behavior approaches the (1f12 12) variety. The ideal (iflz 1f2) behavior
is shown in Figure 6.
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SECTION 2.1.2
IM GENERATION AT POOR

(LOW CONTACT PRESSURE) CONTACTS
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SECTION 2.1.3

IM GENERATION AT SOFT SOLDERED JOINTS
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SECTION 2.1.4

IM GENERATION BY ELECTROLESS NICKEL PLATING
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SECTION 2.1.5

IM GENERATION BY THERMAL MODULATION OF RESISTANCE
IM GENERATION BY THIN GRAPHITE FIBERS
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2.2 THEORETICAL INVESTIGATIONS

The theoretical effort in this investigation consisted of 1) establish-
ment of IM floor levels in various UHF components, and 2) the theoretical
evaluation of physical effects whose nonlinear behavior could produce IM's
(support to the experimental program).

Many of the estimates of lower 1imits (floor levels) for IM production
given here have been made using the basic coaxial transmission line geometry.
This reduces computational difficulties without sacrificing the generality
of the results. However, we have shown that even very low level IM phenomena
in coaxial cable can attain observable values 1n components (filters, multi-
coupler etc.) which, to some extent, are tuned. The degree of enhancement
depends upon the Q of the component and the order of the IM product. (See
Addendum 6.) The following paragraphs contain short sumaries of the IM
floor mechanisms which have been evaluated. Table 2-1 gives the major
numerical results.

2.2.1 IM Floor Estimates

2.2.1.1 Deviations from Ohms Law

A 1 percent deviation from ohms law, varying as the square of the elec-
tric field, is to be expected1 in metals, at a field level of 5 esu
(1500 v/cm) in the metal. In the coax UT 141 field Tevels of ~3 x 107> esu
(9 x 1073 v/em) are expected in the Cu walls leading to deviations from ohms
law of 4 x 10713, The fluctuations in conductivity due to thermal heating of
the Cu will be two orders of magnitude greater, completely dominating Guth's
prediction. Thus, no further notice of such effects is taken.

2.2.1.2 Joule Heating of Coax Walls (Addendum 1)

A TEM moge propagating in a coax will lose energy to the walls by Joule
heating. The coax walls as a consequence of this heating will have their
conductivity varying with double the TEM frequency. When two signals of
different frequency propagate simultaneously, then the wall conductivity

j’f. Guth and J. Mayerhofer, "On the Deviation From Ohm's Law at High
Current Density," Phys. Rev., Vol. 57, 1940, p. 908.
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will also display sum and difference frequency conductivity modulations.
These signals propagating along these conducting surfaces with time depend-
ent properties will generate third and higher order harmonies. In an analy-
sis, we computed the third order (300 mc) power generated in coax* UT 250
with 240 MHz and 270 MHz propagating simultaneously. The IM power for dis-
tances short compared to the attenuation length (50 meters) (UT 250) is
given by

- -25 52 2

P=5.5x10 P1 P2 VA

where Z is the coax length in meters and P1 and P2 are the power in the
individual frequencies, 240 MHz and 270 MHz. When Pl = P2 = 30 watts, then
0-18 yatts for 50 meters of cable. The IM power
6 where a

the IM power peaks at 8 x 1
generated in any cable other things being equal will vary as a~
is the radius of the inner conductor.

This thermal mechanism was also evaluated for a small whisker in a com-
ponent. The analysis is given in Addendum 5 where it 1s shown that the
resulting IM levels are negligibly small.

2.2.1.3 IM Production Due to Electrostriction of Dielectric Coax
(Addendum 2)

In general, a dielectric subjected to a varying electric field will
experience time dependent slight changes in density. Accompanying these
density changes will be dielectric susceptibility changes and therefore, a
time dependency to the dielectric constant. This time deperndency of the
dielectric constant will be a source of IM production in coaxes. An investi-
gation of this effect shows that the IM power varies inversely as the bulk
modulus squared. The bulk modulus for Teflon is unavailable. However,
using the available data of Young's modulus which is probably too low for
bulk modulus, we obtain IM power levels in coaxes which are lower by a
factor of 4 than is produced by Joule heating.

*Table 2-2 gives the salient properties of the various kinds of coaxial
cablc referred to here.
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Table 2-2. FLTSATCOM Cable Data

- - ]

Ut 141 Outer Conductor: Copper, 0.D. = 0.141 in
Dielectric: FEP Teflon, 0.D. = 0.119 in (solid)
Center Conductor: Silver-plated Copper,
0.D. = 0.0359 in

UT 250 Outer Conductor: 0.D. = 0.250 in
Dielectric: TFE Teflon, 0.D. = 0.214 in (solid)
Center Conductor: 0.D. = 0.064 in

390 Diameter Cable

Outer Conductor: 0.D. = 0.392 in

Insulator: Teflon, 5-splined,
approximately 0.330 in

Center Conductor: 0.D. = 0.136 in

2.2.1.4 IM Due to the Nonlinear Character of the Lorentz Force (Addendum 3)

The conduction electrons in the metal walls of the coax will obey the
equation of motion:

+>

dv .’z-e_-v -+ _'\Z -»)
rry + w n1(£ - 4nP + P H

where V 1s the electric drift velocity, v the collision frequency, E and H
the local fields and P the polarization. The last term is nonlinear and is
usually ignored in the theory of conductivity. However, its presence can be
expected to result in IM products. An analysis of IM generation just due

to this nonlinear term in the metal of coaxes shows that the IM power is

two orders of magnitude lower than that produced by Joule heating.

2.2.1.5 IM Production Due to Field Emission

Another nonlinear process is field emission from sharp projections or
burrs on the walls of the coax. The process is nonlinear because the
emitted electron current density depends exponential]yz)on the electric
field strength at the projection. However, the process is not attractive

2)R.H. Good Jr. and E.W. Miller, "Field Emission,” in Handbuch der Physik
Vol. xx1, 1956, p. 188.
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because of the extremely large fields and the Tow work function required to
produce any appreciable current. For example, assume that the full 45 volts
which may occur across the coax, discussed before, were applied to a projec-
tion of 10'5 cm in altitude and with an unrealistically low work function
of 2 ev (corresponding to an activated cathode). Using Equation (5.19) of
Reference 2) (Fowler-Nordheim theory) we find that the current density
emitted under this field of 4.5 x 108 volts/em 1s only 1.9 x 10™% amps/cnf.
The current density in the coax metal at IM frequencies, driven by the two
impressed frequencies, on the other hand, is 46 x 10'9 amp/cmz. It is hard
to see how field emission can compete with the other mechanisms for IM
production since we cannot usually expect such low york functions and such
large fields at these projections.

The high field emission phenomenon has been theoretically evaluated
both by TRW and independently by Dr. Vincent Folen (NRL) (private communica-
tion) and found to be negligibly small.

2.2.1.6 IM Generation in Resonant Cavities (Addendum 6)

In Addendum 2 it is pointed out that IM generation, by Joule heat-
ing, varied as the sixth power of the impressed fields propagating through
the coax. Therefore, any condition, such as resonance, which increases field
strength sharply should increase IM power. An analysis was made of IM gen-
eration in a coax employed as a resonant cavity. The coax of length,

5 meters, was resonant not only to the impressed frequencies, 270 MHz and
240 MHz, but also to the IM frequency 300 MHz. Due to this resonance, the
IM power propagating in the cavity is augmented by six orders of magnitude
over that produced in the conventional coax. Thus, in coax UT 141 with
impressed powers of 30 watts, each at 270 MHz and 240 MHz, the power in the
IM frequency of 300 MHz s 2 x 10°11 yatts (traveling to right at 5 meters
length of resonant cavity).

2.2.1.7 IM Generation by Tunneling

Metals in contact are very often separated by thin films of oxide.
These films serve as a barrier for electron conduction between the two
metals. However, electrons, under the influence of an electric field can
tunnel through this barrier. Since the probability of tunneling is depend-
ent exponentially on the strength of the electric field, the current in a
circuit 1imited by such tunneling phenomena 1s highly nonlinear and is a
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potential source of IM products. Calculations have not been performed on
this phenomenon, mainly because i1t 1s not an irreducible mechanism. That
is, simple techniques, such as increasing contact pressure or gold plating
surfaces to be placed in contact markedly reduces IM production by this
mechanism.

In addition to the IM floor estimates, several other theoretical prob-
lems were addressed in this investigation. These are described on the fol-
lowing paragraphs, with more detafled treatments given in the referenced
addenda.

2.2.2 Computer Model

In order to evaluate the system effects of 1M generation their source
strengths must be known as well as how they propagate. These considerations
led to formulation of a powerful computer model capable of accepting theo-
retical or experimentally generated values of IM source strengths and field
or power dependences.

The results of this effort allow handling of the problem of the prope-
gation of localized IM producing sources within a given ccmponent. It can
handle multiple sources and account for relative (and time variable) phase
changes between them. It also provides the electric or magnetic field
intensities at stated positions within components. This model was to be
furnished with experimental values of IM "source strength” and was to be
used to obtain resultant IM values at the output port of the component.
Additional details are contained in Addendum 4. The model was not com-
pleted to the required level to allow its use during this program.

2.2.3 IM Quieting Due to Out of Product Frequencies

An important observation made during hardware testing was the decrease
in the level of a given IM, i.e., (Zf1 - fz) when one or more additional
transmitters were turned on. When these new frequencies did not themselves
contribute to the (2f1 - f2) term, the level of tais term decreased. Other
new IM's occurred elsewhere. This problem was addressed analytically assum-
ing that the transmitters were noise loaded. The analysis predicts a
decrease in level for a specified form of nonlinearity. The details of the
analysis are contained in Addendum 7, where intermodulation is analyzed due
to a small discontinuous deviation from linearity for the case of
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narrow-band Gaussian noise signal sources in combination. It is found that
the presence of out-of-band channel signals reduces intermodulation products
falling in a narrow-band receiver channel. This reduction was found to be
inversely proportional to the number of equally intense (out-of-band) sig-
nals with that number raised to a power equal to the order of the intermo.u-
lation products that happen to fall in the receive band.
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3. CONCLUSIONS AND GUIDELINES

A number of material and process type guidelines have evolved from this
investigation. Many of them relate to magnetic materials. The undesir-
ability of magnetic materials from an IM viewpoint is not new, however, the
relative difficulty of avoiding their inclusion in, or pick up by, materials
as a result of many processes needs to be emphasized.

The determination that copper walled semi-rigid coaxial cable contains
nickel and iron inclusions implies that portions of the transmit antenna
feed may also contain such inclusions. These elements may carry the drive
current on outside surfaces where not only ferromagnetic inclusions are
possible, but accrual of ferromagnetic contamination is rather likely.

Tests made on samples removed from inner and outer surfaces of both
the inner and outer conductors of 0.390 coaxial line were made. These
showed that samples taken from the surfaces of these conductors produced
IMs while samples taken from within the volume of the copper did not pro-
duce IMs. This observation supported the electron microprobe results that
the nickel and iron inclusions found in the material of the coax walls were
found at the surface and not from the deeper lying layers.

These considerations are also important for other components (filters,
multicoupler) that are machined. Both copper (test hardware) and aluminum
(flight hardware) are soft and would be 1ikely to pick up inclusions from
the working tools. It is possible although unlikely that such materials
which have not been drawn or previously machined would contain ferromagnetic
impurities.
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As a result of experimentation on thin graphite fibers we conclude that
the translational forces exerted on induced dipole moments by a spatially
nonuniform electric field can be significant. It is reasonable to conclude
that small particles (dielectric or metallic) that may reside inside UHF
components (multicoupler, filters, antenna feeds, and baluns) will be like-
wise drawn into high field regions and there become IM sources as did the
graphite fibers.

There is a disparity between conclusions on the IM behavior of soft
solder joints obtained here and those reached in the hardware development
program. Soft solder joints have been benign insofar as IM generation
is concerned in this phenomenology investigation. It is possible that
magnetic impurities float to the surface'of the solder where the UHF cur-
rents then produce IMs. Thus the improvement obtained in the hardware
where the solder fillets were trimmed away. We have no evidence to support
this conjecture and have not resolved the disparity of behavior for soft
soldered joints.
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4. INVESTIGATION — REQUIREMENTS FOR FUTURE WORK

4.1 EXPERIMENTAL

More experimental work at UHF — Purpose: To find materials and ways
of modifying processes so that they may be used without producing IM's.

Determination of IM producing mechanisms in: stripline elements,
thermal wrap materials, and other component and structure related items as
can be foreseen in projected system,

Experimental programs to firm up the knowledge base in selected fre-
quency ranges. This requires coordination with frequency planning activities
so that work is not performed unnecessarily.

Generation of data to allow prediction of power dependence of selected
IM sources.

More thorough investigation of pressure contacts, placing emphasis on
"good" contacts that may be sources of low level IM.

Develop more complete signature data for different types of IM sources,
as a means of identifying the source of IM problems in systems.

Investigate the relative strengths of different IM orders gunerated by
known sources.

Characterize IM sources on the basis of the effect of additional trans-
mitters (two-state IM generators produce a fixed total power in all fre-
quencies generated. The third transmitter depression effect 1s a consequence
of this law. In contrast, non-saturating nonlinearities, e.g., thermal IM's,
show no third-transmitter depression effect).

Characterize IM sources according to the erratic versus steady behavior
of the IM.

Investigate influence of temperature and mechanical vibration on erratic
IM sources.

Build a probe device for discovering and localizing sources of IM in
fabricated components and systems, as well as for inspecting stock.
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4.2 IM INVESTIGATION — REQUIREMENTS FOR FUTURE WORK

Theoretical

IM production in resonant cavities, resonant in modes other than principal.

*The role of non-propagating source terms in IM production in coaxes.
Determination of Green's function for IM production in coaxes.
Thermal effects in barrier transmission (tunneling).

Effect of magnetic switching time on strength of IM products.

*
Non-propagating waves array from the nonlinear interaction of the form

-1 (Qt + Kx)
E = Eo e
where
Q= 2w1 )
and
Wy = W
K =w/c = ! 5 2
rather than
Zwl - w,
c



ADDENDUM 1

THERMAL HEATING CONTRIBUTION TO
INTERMODULATION FIELDS IN COAXIAL WAVEGUIDES
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ABSTRACT

We investigate intermodulation production due to the thermal
heating of the wavegulde walls. We consider two impressed signals pro-
papating in a coaxial cable in the TEM mode. We find that the power
developed in the [.M. product depends upon the thermal coefficient of
the electrical conductivity of the metal squared, and is inversely pro-
portional to the conductivity itself. For FLTSATCOM testing conditions
(coax uT 141 filled uniformly with Teflon), the minimum power of I.M.
products of third order (w = 2 mlquz) varies for short distances as

23 2 2

P=1.8x 10 Pl P2 z watts

where P1 and P2 are the impressed powers in watts and z is cable length

fn meters.  1.,M. power reaches its maximum at a distance 2 oax " 28 meters
and Is attenuated for distances greater than 2 ax® For 1.M. frequency

t = 300 Mc and Pl = P2
FLLTSATCOM operating conditions (coax uT 250) I.M. power varies for short

= 30 watts, we find P = 8 x 10_17 watts. For
max

distances as

=25 2 2
P 5.5 x 10 PlP2 z

18

and peaks at Pmax = 8 x 10~ watts for 50 meters of cable.
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1. INTRODUCTION

The purpose of our investigations 18 to determine the minimum
1.M. power to be expected in a coaxial cable. 1In this particular reporc,
we study the thermal intermodulation mechanism. A report on I.M. produc-
tion due to the nonlinear respongse of the waveguide dielectrics is given

by us in a separate paper.

Due to the finite conductivity of a metal, there always exists
the RF energy loss in metallic walls of a waveguide, in a volume confined
approximately by the thickness of the skin depth., The cyclic variations
in energy within this volume can be assumed to be followed instantareously
by temperature, Since the metallic conductivity depends linearly on
temperature, it has also harmonic components which will produce wall currents
at 1.M. frequencies. I.M. currents are calculated in Section 2 of this
report, The I.M. currents drive the TEM mode in the coaxial cable, this is
discussed in Section 3, In the DISCUSSION section, we give numerical
estimates of the minimum (ideal bulk conductivity) I.M. products generated
by the thermal heating of the metallic walls appropriate to hoth testing
and FLTSATCOM operating conditions,

2. THERMAL CONDUCTION AND I.M. CURRENTS IN METALLIC WALLS OF A
COAXIAL CABLE

Figure 1. Geometry of Coaxial Cable.
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.1 RF Dissipation

te

We consider » coaxial cable carrying two signals of frequencles
vy and Woe The two signals are carried in the TEM mode; the magnetic
fields are concentric with walls of the coax. The electric fields are al-
most radial; however, due to the finite conductivity of metallic surfaces,
fields do penetrate into the walls of the coax and the electric fields have

small (but finfte) tangential components.

Propagation of fields in a coaxial cable 1s described by Maxwell

equations

1 0D 41
VxH (—:- Trt. + —C_ (JB + oE) (1)
1 98
ViE = = = 22
= c Jdt (2)

where j_ 1is a source current (1f any).

For a coax, Equaticns (1) and (2) yield: Fields in the dielectric

(a<r g b):
Hy(r) = /e Er (r) = %% cos (wt-kz) (3)

where [ is the current in the coax walls., In the metal interior,

-r /6 ¢
“y = li(b)c cob (wt - 3) (4)
o 1/2 -t /8 r
F, = -(Z-"-C-) H(b) e cos (wt -3+ -E) . (5)

where r is measured from the outer radius b (a similar expression describes

fields in the inner wall of radius a). The skin depth § is given by

c
8 = ——73 (6)
(21rcw)1 Z

where ¢ is the metallic conductivity.
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The electromagnetic energy is dissipated at the rate

> -+ . 2
j.E=o<Ez’1+Lz.2) , (7

where E and Ez are tangential components inside the metal interior
1

z,1 2
(Equation (5)! r signals Wy and wy respectively.

2.2 Thermal Couduction

The RF energy loss is confined to a volume given approximately
by the skin depth &6, We shell assume that the energy 1s lost from this
volume only by conduction between the inner and outer walls (thickness ot
the metallic walls is much greater than the skin depth ¢), The thermal
wave then satisfies the following differential equation

3 'E2-0(Ez,l+Ez,2)2 -ep%{--KVZT (8)
In Equation (8), o and x are respectively the specific heat and thermal
conductivity (per unit volume) of the metal and T is temperature. The
heat wave 1s driven by the RF fields penetrating into the metal - left
hand side of Equation (8). If we write the driving term as

-2r /s
Ae cos (Rt - 2r/$S) M

then, for boundary conditions (T(r = =) = T(«);, (3T/dr) = O and
(d'I‘/Br)r -0~ 0, Equation (9) has the solution

-2r/$
AT = T(r) - T(~) = A z e sin <ut - %E) (10)

1 2 -
2r62 B
th
~r/dth

26th 2r ,
- e sin (4t - ——
¢ 8
th ‘

where T(«) 1s the temperature at the outer wall of the metallic sheet and

is defined by

] . (o}
the thermal depth th

- (_25._)1/2 (11)
th we )
p
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Equation (10) can be immediately simplified. Using the values x = 4 x 107
ery (:lnnl d(‘g—l, ('p = 3.2 x l()7 erg cm_j deg—l, g = 5,8 x 1017 sec-l
(appropriate for copper), we find that the ratio
(_\_tll_ 1 fanox 1/2~ 1
& C (& 10 :
P

The smallness of this ratio reflects the fact that the electri-
cal cnergy at frequency @ is dissipated within the region where tl.e driving
{telds are finfte (skin depth) rather than being conducted away from this
reglon,  1In what follows, we shall neglect both the % 2 term in the denom-
Inator of Equation (10) and term proportional to 26th/6 on the right hand

side of Equation (10).

2.3 Intermodulation Current

We now calculate I.M, currents generated in the coax walls. The

current density j {s equal to

J =(1(%z,1 + hz,z)

where the metallic conductivity o varies linearly with temperature,
0= (’0 (1 - yAT) .

Using Equations (5) - (10) we find that j has I.M. components of frequency

w o= 2(»1-1»2 s
=3r /S \
r., 7
JS Ae sin (wt - E' + -‘.-}
where
2 Sw, -w -3r/é8
~ L 172 2 _r._ y
Ab(r) = 8c wl(wz-wl El,z(b)EZ,z(b)e sin (»t 3 + 4) ¢

and where we have assumed that the two skin depths 61 = 62==6. Equations

(12) and (13) give the 1.M, current density generated ln the outer wall of

Al-61
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the coax; similar expressions give current density in the inner wall (radius

a). Notice, that the I.M, currents are generated within one third of the

skin depth, &§/3.
3. I.M. FIELDS SUPPORTED BY WALL SOURCE CURRENTS

3.1 Boundary Conditions for the TEM Mode

We now calculate fields supported by the source currents js.

First of all we notice that the ratio of the current densities

3B A ® 3

= o e (14)
L@ T @ T3

also determines the ratio of the corresponding fields and currents,

"
s(b)-a_3 . Is(b)_£2_ . (1)
’
Hs(a) b3 ls(a) b2
P On the other hand, TEM fields in a coax must satisfy H = é% ,

where I = I(b) = I(a). Clearly, fields generated directly by Js cannot
constitute the total of the I.M. fields. Additional currents must be set
up in the coax walls such that the sum of the driving and induced fields

propagates in the TEM mode,

These considerations are put into the mathematical form by re-
quiring that the I1.M. signal satisfies boundary conditions appropriate to
the TEM mode:

I=1, 4(b)+1()= Iind(a) + 1,(a) (16)

4 = - l-) = h
Hm(d) Hd(a) 3 Hm(b) a Hd(b) )

where subscript ind means induced and I is the total current, and subscripts

m and d designate fields in metal and dielectric respectively.

Combining Maxwell Equations (1) and (2) we find that H-fleld in

the coax wall satisfies the following equation,
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R T an

where § and w (v = 2w ﬂuz) are respectively I.M. skin depth and frequency

1
and Ja 1s the source current (Equatiorn (12)).

Making the approximation that all skin depths are of approximately
the same order of magnitude, Equation (17) yields
-3r/8

nhA &
b r n Y L
llm(h) B = v e 7 8in ((nt -3 + z‘)- COS(Wt S o2 Q7 Z) (18)

+ ¢b)

vhere Hh(b) are @b respectively the amplitude and phase angle of the homo-

>

I e

-r/é
+ Hh(b) e cos(wt - % +

geneous solution of Equation (18) in the outside wall. (Again, a similar
expression gives fleld Hm(a)). Using the boundary conditions, Equation (16),
we find that the phase angles ¢b = ¢a =¢ = t:am-1 7. Relating l-lh(b) and
Hh(a) to amplitudes of H-field in dielectric, we finally have

-r/§ -3r/§

A6 A6
n(® = (Hd(b) - m)e BRI (19)
r n
) cos (wt-€+z+¢)
where
21
Hd(r) = /E'Er(r) s .

We also calculate the tangential component I':z inside the metallic

wall. Using Equation (1), we obtain

c aHm 47
B “mo \it "¢ Jsf" (20)
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TS U7 2 VLW P
4nob d ~ Sc cos ¢J° simu -3

A -3c/§ r r
- 100 e sin wt + ¢ - 3 + 2 cosfwt + ¢ - 3)

In Equations (19) and (20), amplitudes Hd(r) and I are as yet undetermined

quantities; we shall proceed to calculate their growth.

3.2 Growth of I.M. Fields

Theoretically, it is possible to solve Equations (1) and (2) for
I.M, fields directly. However, due to the fact that E-field has a finite
component E, (and varying with r) along the axis of the coax, such a
calculation would be too complicated. To calculate the zrowth of the I.M.

fields, we use the energy conservation principles.

The change in power Pz(Pz = asz . gz, see Figure 1) crossing the

coax cross section per unit length is given by

sz 1 .
dz bz dsw ) gw
wills
where §z and gw are respectively components of Poynting vector 3 parallel
and normal to the coax walls and Az is the length increment along the coax

axis. Using Equations (19) and (20) , Poynting vector at wall r = b is

equal to
- 2 2nA 6
> 2 69 Ab
s(b)=—°—[E (b)xH(b)J = —S5— lH(b) + 2 - —— H (b)
w 47 2 ¢ " 2(4u)206 d 5 ccos¢ d

The first term on the right hand side of Equation (22) represents energy
dissipated into the coax walls due to the finite conductivity of the metal
(Poynting vector is directed into the wall). The second term gives power
generated by the 1.M. source currents (Poynting vector 18 dlrected into the
couax). Notice that the phase of Js (or, equivalent of A) determines the

phase of Ild.
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It is now straight forward to obtain the growth rate of I.M,
products: We integrate both Equation (22) and a similar equation for
§w(a) cover the coax walls and substitute the results into Equation (21).
Before doing so, however, we notice that, at this stage, it is convenient
to include into our picture also the attenuation rate of the impressed

fields (of frequencies w, and wz).

1

The input fields are attenuated as H S Ex e i

, where the

factor { {s piven by

1/2
ab 2n 2 8no
b

Hence, the source currents vary as js A= e -382. Using the result

that the propagating power Pz

P o= = bz(ln g) 12 (b) q (24)

we then find that Equation (21) reduces to

2 . =36z
"—:—z(-"—’- S -za(u‘(b) -d - H(b) e ) i (25)

which, with the boundary condition that H(b)/z -0 " 0 yields

d -3z -az
H(b) = a;‘_‘ﬁ e -e , (26)

where

1/2
Ew ) (27)

1/2 2
n b b
d = 138 (o_w.) . /\b . (l & + °—2-) 9 (28)
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4, DISCUSSION

Equations (24) + (28) with A.b given by Equation (13) are the
basic results of this paper. The main conclusions can be summarized as

as follows: For small distances z (z < a-l), H-field grows linearly,

69 b3\ 1 wy Wy fEu He 2
Hy®) = mogr (1 * 3 b o,-u; < (?r) AR
a> /b an ia 271 7p
and power quadratically,
c b2 b 2
PIM = '4- — in ; Hl(b)
/e

2
3 Sw, wa\
b Ve 1772\ 4 2 2
(1 +-—3 5 (m — )Hl(b)hz(b)z
a R,n-g 21

z . _An(38/a)
max 3B=a

Figure 2. Variation of I.M., Field Strength with Length of Coax.

The I.M. power saturates at the scale length z = Z ax and for

-2az
distances greater than z ax is attenuated as e oz, (Notice that the

input pover is attenuated as e—ZBz' where a/f = /u—)”/-(; . Hence, though

different, the two rates are of approximately the same magnitude).
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The I.M. products can be related to the two impressed powers Pl
and P,. We provide some numerical estimates applicable to the testing and

2
FLTSATCOM operating conditions,

For w = 21 x 146 x 106aec—1, wy = 27 x 266 x 106sec_1, the I.M.

frequency is 26 Mc. Then, for a (coax uT 141) coax with radii a = (b/3)
=5 x 10-2cm, copper conductivity o = 5,8 x 1017sec-1, specific heat
cp = 3.2 x 107 erg cm-3deg-1, coefficient of the linear dependence of ¢

4 1

on temperature y = 4.3 x 10 deg ~, Teflon dielectric constant ¢ = 2,

and Pl ~ P, = 30 W, we find (in cgs units unless specified otherwise)

2

20 %~ 3.5 x 10 %cn! .

a = 6x 102em™?,

z x4 x10%m ,
max

Hy\(b) = 8.6 x lo-uﬂi(b)Hz(b)z gauss |,

(or, B—:—b—)- x 2.1 x 10'"13 gauss cm-l)

2
o [ eA 2 N1, 1% 1 2, 2erg
IM T \lén c2c2 8no 4 12 sgec °*
P

YA ( b
n —
a
Pm 21 W
(or,—z-z 5.6 x 10 -—2)
Zz m

Ho ()% 6.7 x 107'C gauss

P ~ 6 x 10718 watts .
max

For wy = 21 x 270 x 10%sec™? and w, = 21 x 240 x 10%sec!, the

1.M. frequency is 300 Mc. Then,

a=2,2x 10-4cm-1

z =~ 2.8 x 10°cm
max
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H(b) = 8.6 x 10713 Hi(l::)l'lz(b)z2 gauss ,

(or, H(b) ~ 2.1 x 10712 Jauss,
z cm

P =~ 1.8 x 10-23 PiPzzz watt (z is in meters),

(or, P—2 ~ 5.6 x 101 -w—z-)
¥4 m

. ~ -9
Hmax(b) ~ 2.8 x 10 ° gauss

P =8 x 10 vatts .
max

4351.5.74-19
Page 12

Notice, that for constant impressed powers P1 and PZ’ H(b) and P

vary for small distances as a-a and 3-6 respectively, whereas the peak

values H and P scale as 3-3 and 3-4 respectively. For FLTSATCOM
max max

1 2
xx1.2x 10%em™,
z ~5x 103cm ’
max
H(b) ~ 4.8 x 10%3 Hi(b)ﬂz(b)z2 gauss ,

(or, BB ~ 51 x 10713 gauss
Z cm

P = 5.5 x 10-25 PiPzz2 watt (z is in meters) ,
P 20 W

(or 0 -—2- 2= 1.7 x 10 -—2') 5
z m

- -10
Hmax(b) = 5x 10 gauss ,

P =8 x 10718 Lares
max
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We note finally that the I.M, power depends upon the thermal
coefficlent of the conductivity squared and is inversely proportional
to the conductivity 1itself. Hence, our estimate (which used bulk copper
conductivity) represents the minimum power expected from an ideal metal.
Any physical Imperfections and sur face effects (e.g., oxide layers) only
increase the ideal bulk resistivity. We expect that the smaller magnitude
of the actual surface conductivity may increase the I.M. power above our

egtimate.
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ABSTRACT

We investigate intermodulation production due to the nonlinear
response of the wave guide dielectric to two impressed signals propagating
in a coaxlal cable in the TEM mode. We find that the power developed in
the | .M. product depends inversely on Bulk modulus of the dielectric squared.
For FLTSATCOM testing conditions (coax yT 141), the |.M. power (products of

third order with w = Zwl - wz) varies for short distances ac

2h. 4 2 3 2
P=1,5x10 Pl P2 (T) watts

where Pl and P2 are the two impressed powers in watts, z Is cable length,

and » is | .M, wavelength in vacuum, The | .M, power reaches maximum at a

distance Ziax o 28 meters and is attenuated for distances greater than z

20 z2 watt, where

ax’
For f = 300 Mc and P, = P_ = 30 watts, we find P = 5 x 10"

| 2
z is in meters, and Pmax = 5 x IO-'B. For FLTSATCOM operating conditions

(coax UT 250), the |.M. power varies for short distances as

2
] 25 5 2 (2
P 1.5 x 10 P‘ PZ(X) watts

18

and peaks at P = 1.6 x 107" watts for 50 meters of cable.
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I. INTRODUCT I ON

The purpose of our investigations is to determine the minimum | .M,
power produced in a coaxial cable. In this particular report, we study
| .M. production due to the nonlinear response of the wave guide dielectric
to two impressed frequencies propagating in a TEM mode. We shall report

on thermal intermodulation (I.M. production due to Joule heating) in a

separate paper.

In Section || of this report, we shall estimate the magnitude of the
nonlinear part of the dielectric constant of Teflon. In Section Il we
derive formulas which describe propagation (and growth) of the | .M, fields
in a uniformly filled coaxial cable. In the Discussion Section, we give
numerical estimates of the |.M, products generated in the dielectric
medium of the coax appropriate to both FLTSATCOM operating and testing

condlitions,
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11, NONLINEAR RESPONSE OF TEFLON DIELECTRIC CONSTANT

In this study, we wish to investiga.e a mechanism which would allow
for the nonlinear effects in the dielectric media of wave guides.
Consider a dielectric in an electric field E. The electric enargy
density of the dielectric and fleld is
> > -+ >
U = D-E _ Ez + (g0 3= Ez + 553- (1)
Br  Brn 2 Br 2 ’

where the displacement field D is
D =E + 4nP = ¢, . (2)

and the dielectric constant ¢ is related to the electric susceptibility
x (x = P/E) by
e =1+ bn x . (3)

>
Polarization P is defined as the electric dipole moment per unit volume,

P =Np=Nex |, (&)

and hence the change of the electric susceptibility x due to the change of a

volume V is given by

Xaghe-T (5)

Now, according to Eq. (4), polarization P is associated with the displacements
x of charges in the dielectric. Hence, the second term on the right hand side
of Eq. (1) (the change in the energy density of a dielectric placed in an
electric field E) gives the corresponding change in the pressure, p, of the
dielectric. Designating by B the Bulk modulus of the dielectric,

"
>4

1 AV
'V P ’ (6)

D>

the corresponding change in the electric susceptibility is then given by
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%-'ﬂ-éﬂ-llﬁ (7)
X ] 8 B 2 !
or, using Eq. (3),
2 .
- bn x 2
€ Col"'mﬁ . (8)

o

Eq. (8) describes the nonlinear character of the dielectric constant ¢ in
strong electric fields due to the elastic properties of the dielectric.

Using ¢ = 2 and B = 3.5 x 109 dynes/cm2 for Teflon,* we find

_ ke X -12 [stat vY?
¥ }-E:-i 6 x 10 — . (9)

Thus, the nonlinear part of the dielectric constant is inversely proportional
to the Bulk modulus B. Since Teflon has a particularly low value of B, the
resulting dielectric contribution to intermodulation products will be higher

for Teflon than for other dlelectrics.

As reported by Altshuler and Holstein in ''Dielectric Cont..bution to

Intermodulation Fields," 74.1350.5A-017, 20 September 1974, They quoute

the Young's Modulus as given in Modern Plastic Encyclopedia. However,

the Handbook of Plastics, 2nd Ed., 1949, p. 429, reports a 0.1% deforma-

tion of Teflon at 1700 psi. This would translate to a bulk modulus of
R 2

about 1.1 x 10 dynes/cm”.
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111. PROPAGATION AND GROWTH OF | M, FIELDS IN A TEFLON-FILLED COAX

Figure 1. Geometry of coaxial cable.

We consider the propagation problem in a coaxial cable. |In a dielectric
medium of the coax, fields are dcscribed by Maxwell's equations,
Va1 de . 9E )
Ux H= oo C(E a:"‘at) ; (10)
| 38
B = ae S o ]'
vxE < 3t (1)

The input field is a sum of two flelds with frequencies wy and wy ¢

-Bz
E (E] cos (w]t - kz) + E2 cos (wzt - kzz)) e . (12)

in Eq. (12), we have explicitly included the attenuation constant, 8, for the

coax,
(Ew )l/2
28_'a<0'b Br o ' (13)
ab zn%

where a, b are the inner and outer radii of the coax, w is the frequency,

o the conductivity of the walls of the coax and ¢ the dielectric constant.

Al-75



4351.5.74-18

We calculate | .M. flelds generated by the input field. The nontinear

constant ¢ is given by

€ = eo(l +y E2) . (14)

Substituting Eq. (14) and (12) into Eq. (10), we find that the right hand side
of Eq. (10) has components at the |.M. frequency w = 2w, - w,. We shall
designate them by As‘ in turn, these | M. components can be regarded as a
source term (specifically, source currents) in Maxwell's Equations describing

the propagation of the |.M. fields In the coax. ' These then become

€
VUXxH= 22-3%-+ 21 Jg (15)
vxE= - ;-%%- , (16)

where the source term(4n/c) jS is equal to

Ye .
A Jg 2 Ay = - KEg'w E|2 E, - e 32 . Sintwt - k2) (a7

where k = 2k, - k,, and j_ = js(r), E=E(r). Eqs. (15) and (16) can be
solved directly, and a growing solution (for small distance z along the axis

of the coax) for H and E fields can be obtained. However, if we also wish to
account for the attenuation of the |.4, produsts due to the finite conductivity
of the metallic walls of the coax, it is advantageous to adopt a different
method for solving Eqs. (15) and (16). This method, based on the energy con-
servation principle, recovers, of course (for small z), would-be-obtained

solutions by the direct integration,

Energy conservation (Poynting's Theorem) yields the relation

%; ds[Exﬁ]n=-ﬁvE-js . (18)

where the volume integration is performed over the vol_me bounded by surfaces

S. Choosing the volume element as shown in Fig. (1), v« integrate the
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. (o] 14 »
Poynting's vectonrs I (£ x H]” over the cross sections 1 and 2 and over

the wall surfaces at r = a and b.

Using the relations (valid for a coax),
H¢(r) = /e Er(r) = /e % E(a) , as<r <b (19)
and at the conducting walls,
H¢(b,t) - H¢(b) cos(wt - kz)

Ez(b.t) - . [%T e H¢(b) cos(wt - kz + %) , (20)

tq. (18) yields

2 1/2 cA_ H(b) -
c 2, b dH(b)  -ebf . b 2 0 11\ 7382
- R ('*a')(s‘:—o) P o =22 "b(;f —z)e (2

where we have defined AO by

A

5 9
s r3

e 382 sin(wt -~ kz2) (22)

and we have averaged over a period of the |.M, wave. In Eq. (21), the left
hand side gives the change of the power flow in the coax per unit lengta z.
The first and second terms on the right hand side of Eq. (21) are, respective-
ly, losses at the walls of the coax, and the driving power generated inside

the dielectric of the coax (per unit length). Eq. (21) is finally rewritten as

g%tll . - G(H(b) o d . 0.382) ’ (23)

d

which, with the boundary condition that H(z = 0) = 0 nas the solution

H(b) = G—“ETB- (e'”’ - e‘“) , (24)

where
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IV.  DISCUSSION
tqs. (24) - (26) are the basic results of this paper. We see that
tor small distances z along the coax (z < u'l' (33)-]), H-field grows lincarly,

(b) x adz =~ S0 AT T 2(a) £ (a)(2 (27)
Hb) adz® g= 7+ 35— & @ Blay)

and the | .M. power quadratically,
2 3/2 2
2 € n 2
P = < b2{en 2) W2(b) m f{en 2) a8 5o L ——%r——efu)eﬂaG).(m>
We a y a 2
The | .M. power saturates at the scale length

(A is |.M, wavelength in vacuum.)
(Notice that the

and for greater distances is attenuated as e
Vo/w, . Hence, though

max
input power is attenuated as e'232. where (a/8) ~ |

z = 2
different, the two rates are of approximately the same order of magnitude.)

H
max
H
o -
- in(38/a) :
max 38 -a
Figure 2. Variation of |.M, field strength with length of coax.
The |.M. products can be related to the two input powers P] and Pz.
We provide some numerical estimates applicable to FLTSATCOM.
For u, = 2n x 146 x 106 sec-‘, w, = 27 X 266 x 106 sec-l, the | .M,
2
cm

|
frequency is 26 Mc. Then, for a cozx with radii a = (b/3) = § x 10

Al1-79



4351.5.74-18

(coax UT 141) copper conductivity o = 5.8 x 10]7 sec-‘, and P, = P2 = 30W,

we find (in cgs units unless specified otherwise):

28 =~ 3,5 x 10-" cm-]

a T 6 X IO-5 cm-l

2z :;ax|03 cm

A o= 1.15 x 103 ecm  (in vacuum)

~-12 2 z -11fz
H() = 1.5 x 10 °% E,%(a) Ez(a)(r)= 6 x 10 (A) gaus
(or, Hib) ~5 x T gauss/cm)
2 2 2 2 2
~ Y u -!- - I—. 2 l _|3 — / 'C
PlM ~ ; 2 3 P' PZ(X) ~ 10 10 () erg/sec
4c b a
P
(or, T'ﬁ‘-z3 10”22 ‘-"7)
z m
~ -10 _
Hmax(b) ~ |l x 10 gauss
P ~ 1 x IO'-]9 watts

max

Note that for short distances, HA and PAZ are independent of | M,

frequency. The same is not tru. for the peak field, Hmax and peak power,

P , however.
max
For operating conditions such that wp = 2n x 270 x 106 sec-' and
) & 2n x 240 x 106 Sec-|, the | .M. frequency is 370 Mc. Then,
ax 2.2 x IO_" cm-‘
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Imax ~ 2.8 x 10 cm

2 .
Ay~ 10° cm (in vacuum)

- -10
Hmax(b) =6 x 10 gauss

P ~5 x IO.18 watts
ma x

Notice, that for constant impressed powers P

-3

| and P2' H(b) and PIM vary

for small distances as a ~ and a-l', respectively, whereas the peak values
H and P scale as a-z. For FLTSATCOM operating conditions, | .M.

max max

frequency is 300 Mc and coax radius (coax UT 250) a = (b/3)= 0.08 cm. For

F‘l = P2 = 30 W, we then find

a =1.2 x IO-I' cm-l

z &6 x 103 cm
max

Hb) =1 x 107! (;-) gauss

(or, Hxl x IO-l3 23uss
z

cm
- 2
P=U4 x 10 4 (;) erg/sec
P =21 W
(or, b x 10
z )

-10
Hmax ~1.9 x 10 gauss
-18
Pmax =~1.6 x 10 watts
In conclusion, we wish to emphasize again that the power developed in
the |.M. frequency depends inversely on Bulk modulus squared. It is there-
fore very important to ascertaln what the correct value is. The uncertainty

over this quantity has been discussed In the footnote appearing on page 4.
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ABSTRACT

We investigate intermodulation production in coaxes due to the nonlinear
character of the [; X E] term in the Lorentz force driving the conduction electrons
in the waveguide walls. HWe consider two impressed signals propagating in a coaxial
cable in the TEM mode. We find that the power developed in the I.M. product
depends upon the fourth power of the ratio of the cyclotron and collision frequencies,
and is inversely proportional to the conductivity. For FLTSATCOM testing conditions
(coax UT 141 with copper walls and filled uniformly with Teflon), the power of

[.M. products of third order (w = 2 wy - “2) varies for short distances as

p=7x102 p2 P, 22 watts

where P] and P2 are the impressed powers in watts and z is cable length in meters.
I.M. power reaches its maximum at a distance e 28 meters and is attenuated

for distances greater than Za
19

X For I.M. frequency f = 300 Mc and Py = P2 = 30 watts,

we find P =5 x 107" watts. For FLTSATCOM operating conditions (coax UT 250)
[.M. power varies for short distances as

2

-27 2
P=2.2x10 P] P2 z

and peaks at Pmax = 3.5 x 10'20 watts for 50 meters of cable.
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1. INTRODUCTION

The purpose of our investigations is to determine the minimum I.M. power
to be expected in a coaxial cable solely due to the intrinsic properties of its
components. In this particular report, we study the intermodulation production

due to the nonlinear character of the Lorentz force.

Due to the finite conductivity of a metal, electromagnetic fields propagate
into the coax walls and drive the conduction electrons. The electrons have a
velocity which has both, harmonic components of the driving fields, and, via the
[; X ;] term of the Lorentz force, also components at I.M. frequencies. The I.M.
velocities are calculated in Section 2 of this report. The I.M. currents drive
the TEM mode in the coaxial cable, this is discussed in Section 3. In the
Discussion section, we give numerical estimates of the I.M. products generated

due to the nonlinear character of the Lorentz force and relate them to those

generated by the thermal heating of the coax walls.
2. THE NONLINEAR CHARACTER OF THE LORENTZ FORCE

With a finite relaxation time and charge separation, the equation of
motion of a conduction electron in an electromagnetic field is

dv Y e o o
'a-{'+vv~-lh-(E-4ﬂP+

ol +

X ﬁ) (1)

where v : 1'] is the electron collision frequency (+ is the relaxation time)

-+

and the electronic polarization P is given by

r

ro
~—

P=ner=nefdtvs= E%Y e (

>

wiere r is the unit vector in the direction of the polarization P.
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For R. F. fields of our interest, Eq. (1) can be immediately simplified.

In good conductors, the electron collision frequency v = 10]3 ]. The R.F.

frequencies in our intermodulation problem are of the order of 10 sec']. Hence,

the time derivative gl = fw v << vw, and in what follows, we shall neglect the

%% term on the left-hand side of Eq. (1). Eq. (1) is then rewritten as

-+ > wal + W
= . P H
U O= E r+[vx— (3)

r

<
€

N

where the plasma frequency g done

and the vector of the cyclotron frequency

;H = gﬂ To solve Eq. (3), we form the products
2
-»> > -+ m 1 +> > -+ > 2
r‘-—‘\
and .
Y -» A - -+ UPZ R -+
(v wH) A (E wH) o vr(r wH). (5)

Valocity ; can now be calculated by substituting Eq. (4) and (5) into
Eq. (3). Before doing so, however, we simplify Eqs. (4) and (5) for the geometry
of the fields in the metallic walls of a coaxial cable. For the TEM mode, the
magnetic fields are concentric with the walis of the coax (see Figure (1)) and
the electric fields have both tangential and radial components (due to the finite
conductivity, the charges inside the metallic walls do not move instantly
in response to changes in the fields, and do not produce the correct surface-

charge density which would give zero electric field inside a perfect conductor).*

-+ - ir/s
* One can show that the magnetic field in a gocd conductor is H (r) : H¢e r/é 1r/ ’

where § is the skin depth. and the tangential component of the electric field
/E“E_ (1-1) [r X H ] From the continuity of H and the equation connecting

E to g x H (Ampere's 1aw) on either side of the surface, one can show that the:e
exists in the conductor a small normal component of electric field, E.- 1;;, s
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->
Furthermore, since the polarization vector P points in the direction of the radial
coordinate r only (the direction of the charge displacement in the coax walls),
-+ -+
the scalar product (v ° wH) z 0. Hence, Eq. (3) becomes

-+

-+ 2 wz -+ - -(: - -+ W,
-y ey Felrxin-t e ExHy), (6)
\Y

First, we solve Eq. (6) for the radial component V. = (v r)r

- ‘”H

M €.+ [E, x = . ()
r mv w w
]'?'Fm

-

¥

In good conductors, the glasma frequency wg : 103] sec’]. For the magnetic fields b

of interest (H - 3 gauss) the cyclotron frequency wy T 5 x 107 sec™!. Hence,
2 2
— > 1> - and Eq. (7) can be approximated by
v
e w “H
vr'ﬁ_(Er+_sz)' (8)
W
p
From Eq. (6), the compcnent ;z(;z = (; : 2) 2) along the axis of the coax
is:
wﬁ “g : ;H e /¢ e ;H /
v, (1 - :z) + z Ve [rx =1 == (E, + [E. x 7)) - {9)

Substituting Eq. (%) into Eq. (9) yields finally the simple result

wy.2 2
e, 1+ (

- W e
Vz-mv]-(m)z~mv(]+ Z)E
w
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which is valid for any harmonic component of the velocity v, and where ﬁ and E

are the total fields acting on the electrons.

3. INTERMODULATION CURRENTS AND FIELDS

Figure 1. Geometry of Coaxial Cablc.

We consider a coaxial cable carrying two signals and frequencies W, and wy-

The fields are described by Maxwell equations

.1 3D, 4x
VxH c3't'+—c (js+aE) (1)

1 3B
VxE'-Eﬁ (12)

where jS is a source current (if any).
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Equations (11) and (12) yield, for either frequency, fields in the

dielectric (a < r < b):

H¢(r) = /E'Er (r) = %% cos (wt - kz)

where 1 is the current in the coax walls. In the metal interior,

- -r/$ .r
H¢ H(b)e cos (wt 5)

1/2
E, = - (T:_a) H(b) e "/8 cos (wt - §+ ;’{-).

where r is measured from the outer radius b (a similar expression describes

fields in the inner wall of radius a). The skin depth & is given by

- C
2 )I/Z

(2mow
where o is the metallic conductivity.

The vector of the cyclotron frequency ;H in Eq. (10) 1is a sum of two

vectors,

(17)

where the fields H] and H2 are given by Eq. (14) for either impressed frequency

Similarly,

A1-88
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where t | and E_ , are given by Eq. (15). Substituting Eqs (14) thru (18)

into Eq. (10), we find that the right-hand side of Eq. (10) has components at

the 1.1, frequency w = 2w] - wy. These components, a result of the wave beating
of two signals with frequencies W and wys represent a source term in Maxwell

equations for the I.11. fields. We calculate the source currents by using the

relation that the current density

-

3 = nev (19)

Using Eqs. (14) - (19), Eq. (10) then yields the I.M. sourg:: current (directed

along the axis of the coax)®.

jS = - A cos(wt - % +v) e-3r/8 (20)
where
1/2
T4 4o, + w
H ] 2 2

and where we have assumed that the two skin depths 8 =6, = 6. Y is the

cyclotron frequency per gauss, @, = ﬁ%-. o is the metallic conductivity,

a = (nez/vm), and
24y - Vs
2oy +

‘ (22)

y = tan.

* The I.M. current density in the radial direction is negligible by virtue of ghe
smallness of the radial component of electric field, E,. (see footnote appearing

on p. 4).
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Eqs. (20) and (21) give the I.M. current density generated in the outer wall of
the coax; similar expressions give current density in the inner wall (radius 4).
Hotice, that the I.M. currents are generated within one-third of the skin depth,
6/3.

We row calculate fields supported by the source currents Js. Since
the calculation proceeds in exactly the same way as our calculation of the [.M.
fields generated by the thermal intermodulation mechanism* (we merely substitute
js as calculated in this report for the thermal currents, Eq. (12) of our report
on the thermal intermodulation), below, we shall sketch only the main features
of our derivation. For further details, consult our paper on the thermal inter-

modulation.

Since the ratio of the current densities

3, A®) 3 -
[ICREACHE®

also determines the ratio of the corresponding fields and currents,

H (a) b3 ! Is(a) 1)2

additional currents must be set up on the coax walls such that the sum «f the

driving and induced fields satisfies boundary conditions appropriate to the

TEM mode:

* See our report, J. Z. Wilcox and P. Molmud, Thermal Heating Contribution to

Intermodulation Fields in Coaxial Waveguides (Addendum 1).
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L= 1(b) + T(a) = I, 4(b) + I(b) = I; 4(a) + I (a)

. 2y = D - b
Hm(a) = Hd(a) a Hm(b) a Hd(b) (25)
where subscript, ind,means induced and I is the total I.M. current, and subscripts,
m, and, d.designate fields in metal and dielectric respectively. On the other hand,

from Maxwell Equations (11) and (12), H-field in the coax wall satisfies

9 "m 2 a"m o 4n aJa (26)

3r2 wé

where 6 and w (w = Zw] - wz) are respectively 1.M. skin depth and frequency

and j. is the source current (Equation (20)).

Making the approximation that all skin depths are of approximately the
same order of magnitude, and using the boundary conditions, Eq. (25), we find
that H-field and the tangential component Ez inside the metallic walls are equal

to respectively

mA, 8 -r/8 mAyS =3r/8

Hn(b) = [H4(b) - s=5e5) e *3ccosy @ X

(27)
x sin (wt--§+y+¢)
and

E = c (.a_Hﬂ - .4_". i ) =

z Fo\ar “cs
(28)

-r/é
C mAS n r
" Fras ¢ (Hd " B¢ cos ¢ ¢)° (8 (“’t teoty-g- g)

o
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where the I.M. amplitude Hd(r) (as yet undetermined) satisfies
Ho(r) = /o E(r) = & (29)
g\’ = ve By cr

Eqs. (27 - (29) give I.M. fields in the outer wall; again, similar expressions

give also fields inside the inner wall (radius a) of the coax.

To calculate the growth of the amplitude Hd(r) ve use the fact that the
-+ >
change in power PZ (PZ = fdsz ) Sz’ see Figure 1) crossing the coax cross ~ection

per unit length is giver by

dp
N VR S
W

—— W ——
w

dz Azw 11s
e

where SZ and Sw are respectively components of Poynting vector S parallel and

normal to the coax walls and az is the length increment along the coax axis.

Including into our picture also the attenuation rate of the impressed fields

(impressed fields attenuate as e £2),
1/2
+ b cw .
2g = 22— (g—-) . (31)
d ma
ab &n b

where o stands for wy O wy, and using the result that the power

p= S p2 (zn 9) He(b) (32)
i a

Eq. (30) yields (for further details, see our report on the thermal intermodulation)

the 1.M. amplitude
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. _ud -382 __-aZ
H(b) 38 (e e ). (33)
where
1/2 '
- at+hb EWw . N .
20 = Tl on b (m) oW Zw] wa (34)
a
1/2 2
- m_ . . b,
d = 138 (aw) Ab (l 3 + -;-2-) . (35)

4. DISCUSSION
Equations (33) & (35) with Ay given by Equation (21) are the basic results
of this paper. The main conclusions can be summarized as follows: For small

distances z (z <« a']), H-field grows linearly,

gove [ b3y 1 [f twe 172 fy ‘ 2
Hpw, (b) = 5= (‘ v ‘3‘)——5 ~Tro —] H(b) Hylb) 2 (36)

a“/ b an a
and power quadratically,
2 fa,\4 3\ f8uy + w
_ {69 H c’e b ] 2\ 4 2 2
e (O 035m0
(37)

By 2

4
. [63¥ [ 2,1 (* )2, ,
2 v ci(m _5)3 ;3- 3 2no 1°2

a

o
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(P] and P2 are the impressed powers of signals wy and wy respectively.) The I.M.

power saturates at the scale length z = 2 X and for distances gréater than 2

ma
is attentuated as e”2%Z, (Notfce that the input power is attenuated as 42,
where a/8 = Yw/w,. Hence, through different, the two rates are of approximately

the same magn{tude).

| e
b TN

- —
—_ Y

En(3R/ 1)

max 34

Figure 2. Varjation or I.M. Field Strength with Lanpth of Coax,

The magnitude of the I.M. products generated via the noniinear character
of the Lorentz force can be related to magnitudes of the therul inte uodulation

products by forming the ratio

. 2 N
R = ?s,Lorentz - Morentz _ ]Gﬁfpf= (:ﬂ) Y2 T 4‘) e (3
Js, Thermal Mherma i v/ Buy s 2

where cP is the specific heat and -, is now the thermal coefficient of the
conducting of the metal (for derivation, see again our paper con the therral inter-

modulation). Hotice that R is independent of the coax radius, but rather, is a

aA1.Q4
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function ot the physical parameter of the metal as well as of the impressed

frequencies.

Wee provide some numerical estimates of the [.M, products applicable to

both TLT5ATCOM testing and operating conditions.

For ) = 20 x 146 x 100 sec'], wy = 2n X 266 x 106 sec_], the 1.M. frequency
is 26 .. For copper conductivity o = 5.8 x 10]7 sec-], specific heat
p 3.2 x 107 erg ™3 deg'], thermal coefficient y = 4.3 x 107 deg'], collision
frequency v = 4 x 10'3 sec”! (corresponding to relaxation times v = 2.7 x 10714 sec, using

free electron mass and conduction electron density in copper n= 8 x 1022 cm'3)

7 2

the ratio nH/V=4.5 x 107/ and R = 0.42. Then, for a coax UT 141 (a = b/3 = 5 x 10 ° cm),

Teflon dielectric constant ¢ = 2 and P] % P2 ~ 30 W, we find (in cgs units unless

specitied otherwise)

28 3.5 x 10'4 cm'].

ax 6x ]0-5 cm'],

3
zmaxz“ x 10° cm,

-14

HI.M.(b) x~ 3.5x 10 H%(b) Hz(b)z gauss,

(or, ﬁéﬂanSJ x 10714 gauss cm'])

Py, = 3.4 x 10728 pZ b 2% vatt (z s 1n meters)
P
LM, 22 W
(or, =9 x 10 )
2 e
10

Hmax(b) = 2.7 x10 gauss,

-18
Pmax = 10 watts .
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] 6 ]

For wy = 2n x 270 x 106 sec ' and wy * 2n x 240 x 10° sec ', the I.M.

frequency is 300 Mc and R = 6 x 1072, Then,

aw2.2x10% et

. 3

H(b) = & x 10'"H]2(b) Hy(b)z gauss,

H(b) -13 gauss
(or, > =1.2x10 o

Pa7 x 1028 P% P222 Watt (z is in meters),

(or, -:-2- s2 x 1072 B-z-)

m
H  (b) 2 x 10710 gauss
max

-19
pmax ~5x10 watts.

Hotice, that for constant impressed powers P, and P2, H(b) and P vary for

-4 -6

small distances as a and a

-3

respectively, whereas the peak values Hmax and

P scale as a and a = respectively. For FLTSATCOM operating conditions,

max
[.M. frequency is 300 Mc and coax radius (coax UT 250) a = (b/3) = 0.08 cm.

For P] = P2 = 30 W, we then find

Bx~1.1 x 10~4 cm']

ax1.2x10 4!,
o3
Zma)( ~ 5 X ]0 cm,

H(b) = 3 x 10'uH$(b) Hz(b)z gauss,
(or, Hb) ~q 3 4 10714 Qauss,
z cm
27 2 2 A &
P22 x10 P] Pzz watt (z is in meters),
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(or., -"—2— ~7 x 10723

Z

)
m

Hmax(b) =3 x10° Y gauss,

-20

P X ~3.5x10 watts.

ma

We note finally that the [.M. power depends upon the fourth order of the
ratio Yy E e/mcv (or, second order of the parameter R). Hence, in order to
determine the correct value of the IM products generated via the nonlinear
character of the [; X ﬁ] force, it is important to determine the exact values of
the electron effective mass m and the collision frequency v. In our estimates,

we have used the free electron approximation for the conduction electrons.
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ADDENDUM 4

DEVELOPMENT OF A COMPUTER MODEL FOR ELECTROMAGNETIC
FIELDS IN TRANSMISSION LINES AND COMPONENTS
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INTRODUCTION

A mathematical approach has been formulated which will enable solution
ot electromaynetic field problems within closed geometries such as cavities,
cables and eventually, more complex structures. The components or structural
elements may be specified in terms of the dimensions and the electromagnetic
parameters of the materials, namely permittivity, permeability and conduc-
tivity. The analysis is based upon the use of multiple Laplace transforms
for explicit solution of Maxwell's equations in three dimensions. The
intermediate results are in the form o algebraic expressions for transforms
of field quantities which are manipulated in the same fashion as are the
trans fer functions in linear system theory. The results are formulated in
terms of generalized impedance and admittances. The analogy to the expres-
sions of transmission line theory is complete and, in fact, includes them
as a special case. A computer flow diagram is presented for solution of a
typical problem. Time has not permitted generation and checkout of a compu-

ter program.

The fact that the parameters of the medium, for example finite conduc-
tivity, and the size of the component relative to the wavelength presents
no mathematical limitation in the development of the equations indicates
that the results will be useful for the effects of the size and materials of
microwave components upon intermodulation products and similar problems.
Since the results are essentially transfer functions for the electromagnetic
fields, it has been possible to formulate the equivalent feedback problem
for the fields interfor to a component and thereby obtain the effects of
multiple reflections, or cavity modes, and for multiple section media.

In the following discussion the approach and results will be discussed
briefly and illustrated by the computer flow diagram for the computation of
the fields within a very small filament or whisker such as may be found
inside a UHF coaxfal component.*

*The method outlined here is not 1imited to coaxial components, or to the
UHF range.
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DISCUSSION OF THE APPROACH

The mathematical approach used depends upon a somewhat unfamiliar use
of the Laplace transform for solving partial differential equations. The
feature which s employed 1nvolves taking Laplace transforms of derivatives
with respect to spatial coordinates. As a result, the value of the fields
at coordinate surfaces are handled in the same way as initial conditions in
the usual application of Laplace transforms to differential equations involv-
ing only time derivatives. The power of this technique is then coupled
with the methods used in transmission line theory to obtain the intrinsic
impedance of a medium. It is then possible to treat the free space which
surrounds the medium as the termination of the medium inside the component,
and therefore the free space intrinsic impedance is the terminal impedance
for the component medium. Again using methods analogous to transmission
1ine theory we may write an expression for the input impedance in terms of
the intrinsic impedance of the component medium and the terminal impedance.
Consequently, it is possible to compute all of the impedances of a connected
set of media.

Reflection and transmission coefficients may also be expressed in terms
of the terminal and intrinsic impedances. All of these coefficients may be
written for the set of media. Finally, the incident field may be summed
with the field which is being reflected from the far end of a medium. The
result is an equation for the cavity modes which resembles the forward gain
equation for a feedback amplifier. Cavity modes, or resonances, correspond
to the frequencies of oscillation in such a feedback loop or the poles of
the transfer function. In the following section a flow diagram is presented
which illustrates the principles which have been discussed and also indicates
the flow of information which will occur within a computer program which will
implement the equations that have been developed.

DISCUSSION OF THE COMPUTER FLOW DIAGRAM

Figure 1 presents the terminology which will be used in the following
discussion and applies to a small filament or whisker. We shall employ the
concept of a wave which propagates and is attenuated in > normal medium,
the so-called progressive wave, and alsc the concept of a wive which origi-
nates as a reflection and is propagated with attenuation in the opposite
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direction, the so-called regressive wave. The incident wave in Figure 1
propagates progressively and penetrates surface 1 according to the trans-
mission coefficient computed as indicated above. A portion is also reflected
and becomes part of the wave which {s backscattered in the regressive direc-
tion. As mentioned above, the total wave within the medium is the sum of

the incident wave with the internally reflected waves. The latter may be
expressed in terms of the incident field and reflection coefficients for

the surfaces involved. Finally, the wave which penetrates the last surface
(3 of Figure 1) propagates progressively to infinity.

MELIUM AND INTERFACE CONFIGURATION
NEAR PORT INTERFACE

I F
#
A
3

MBLMLE WL, _~ FAR PORT INTERFACE
—— = ~ SURFACE 3 (L)
' = = MEDIUM 4
LR Ty - !
PROGRESSIVE EXIT
.} [ =" wave
= i
INC1DENT WAVE Sl o PROGRESSIVE INTERNAL WAVE
(PROGRESSIVE ) __,,-—/ :;
- § i
- L'l P
B

REGRESSIVE INTERNAL WAVE

REGRFSSIVE WAVE \ .

Figure 1. Electromagnetic Fields for a Whisker

NOTATION NOTE

SURFACES OF INTERFACE
,HAVE ODD NUMEKRS
MEDIA HAVE EVEN NUMBERS

The computer flow chart is shown in Figure 2. Two of the six sections
which correspond to the propagation equations for certain field components
are shown. Briefly 1t has been found that the 1inear relation between
field quantities which contribute to a field component, as expressed in
Maxwell's equations, carry over into the impedance formulation; in two ways.
As a result, there is a flow scheme for each linear grouping of components.
The final field components may easily be solved from these propagation
models. In Figure 2 there are indicated three types of operational blocks
at each piece of media and its interfaces, namely reflection and transmission
coefficients and propagation equations for the medium itself. All four
sections of Figure 2 are coupled in the impedance relations which, as
mentioned above, resemble those of usual transmission line problems.
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DISCUSSION OF RESULTS AND RECOMMENDATIONS

The current status of this work is that the algebraic formulations have
been completed and the preliminary architecture of a computer program has
been outlined. Some hand computations have also been made of certain quan-
tities. The principal effort to date has involved determination of the
methods for obtaining an explicit solution. There were very few guidelines
and because the work entailed carrying and evaluating six components at
every stage the effort has been tedious and time consuming. The current
form of the results will have to be checked out on problems for which solu-
tions are available. After this stage is accomplished, it is expected that
the computer program will enable computation of fields and field-dependent
data for many types of complex and difficult structures.
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ADDENDUM 5

POWER ABSORBED IN SMALL PROJECTIONS
FROM COAX WALLS IN TEM FIELD

4351.5.74-022
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An attractive conjecture for IM production is that sharp projections,
whickers or bosses extend from the walls of the coax and currents are
driven within them by the full radial field of the coax. It is reasoned
that this is so because the projection {s assumed smaller than the skin
depth, in thickness. However, to counter this, one must contend with
the capacitive limitation of such projections to support currents before
depolarizing fields take effect. To resolve this problem, a classical
scattering problem — Mie scattering — is considered; the reasoning being
that a hemispherical boss on the surface of the metal will, for scatter-
ing of the normal component of the field, behave as a sphere (since it
and its mirror image form a sphere).

The polarization of a sphere of refractive index N and, where 3§9 << 1

is given by !
2

N®+2
The energy deposition per unit volume, U, 1s given by

2
. 1 0 31w N®-1 2
2) U =R, (PeEY) = Re(g—ﬂ Y so).

Now from Maxwell's equations:

3) Na-qdme
w

Therefore

e 3 w2 2
4) V=35 o7 E o

Exactly the same result is obtained from analysis of the absorption cross
section of the sphere. To see how important this may be, we compare it
with the power absorbed by the tangential component of the field, 10'5 Eo’
in the coax

: 010 2
5) Utangential 107 ok,

1. Stratton, Electromagnetic Theory, p. 572.
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The ratio is

u 2
6) tangent . 9 o . 75 x 108 .
v 222

We can gain further understanding of (4) by the following heuristic
arguments: The hemisphere being driven by the applied electric field
may be considered a circuit with capacitance, % » and resistance
The applied EMF is then, v = 2aE. Writing the equation of motion
of the current as

ona

. q. e (s 1y
7) v RI*C RI"'m I( +m) 2at.

ond
Solving for I, we obtain,

.2
8 1=y
o ' TG

and current density, J = 1-75 0

=S

which aside from the factor of 9/32 agrees with (4).

The remarkably low value of the power being dissipated in the
protuberancemay now be understood in the light of the immediately
preceeding argument; that is, the current in the hemisphere is mainly
90° out of phase with the applied electric field due to the hemisphere's
small capacitance. The same arguments should apply to projections of
other shapes, such as whiskers and needles.

A1-106



ADDENDUM 6

INTERMODULATION GENERATION IN RESONANT CAVITIES

5351.4.74-21
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We have demonstrated that the power in third order intermodulation
products which are generated by the thermal heating of the coax walls,
behaves, essentially, as the sixth power of the impressed fields propagating
through the coax.] Because of this unusual sensitivity to field strength
we felt it important to investigate cases where the field strength could
exhibit larger values than we had considered, namely, under conditions
of resonance. For this purpose we continue our investigation of coaxial
waveguides but now employing them as resonant. cavities since their

analysis, because of their single allowable mode, is so simple.

We consider a length of coax, &, closed at both ends but with sources
of E.M. energy at frequencies W) and w, at one end. The E.M. energy
propagates in the TEM mode and reflects from each end and, if the length,

2, is of the proper magnitude, standing waves are formed. As the E.M. waves

] modes at I.M. frequencies

propagate and attenuate in the guide, they produce
which, in turn, propagate, attenuate and reflect from the waveguide ends.

For the proper magnitude of the coax length, %, the I.M. can also produce
standing waves. In what follows, we shall discuss a case where ¢ is resonant
for all three frequencies, however, the anaiysis need not be restricted to

resonance for all or for any of the frequescius.

The field in the waveguide at positfan. x, may be broken up into
right propagating, HR' and left propagating, HL‘ fields. The field Hp may
be considered as being made up of waves having encountered respectively,

no reflection, two reflections, four reflections, etc. Thus:

1. J. Z. Wilcox and P. Molmud, "Thermal Heating Contribution to Inter-
modulation Fields in Coaxial Waveguides," Oct. 7, 1974, 4351.5.74-19
/Addendum 1).
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Q W " s Al . W
wt - ¥ x - - i2% - 28, o8- 142 - Gas
“R B “o ol it 12X - ax 1+ RLe 12C 2a + R E L a Voo

fwt - i X - ax

OlE

=H e
0

2. - 12 = ¢ - 2af

1 - R"e

OlE

Based upon similar condition,

w w -
HReiwt*'fEX"'ax-ich 20k

H, = -2 . (2)

L w
1 - RZe-'lZ = £ - 208

In (1) and (2), a 1s the complex attenuation coefficient (a = % (1 + 1))

for the waveguide and R is the reflection coefficient, assumed equal at

each end. The amplitudes of H_and Hp are maximized when 22 (% +ag) =

2nn, where n is an integer. Let us assume this condition applies. Assume also

R =1 and Zaol << 1. Then

H e fwt - 2002 + a X

1 wx
0 s -
Hiotal © a t {cos ((E'+ °o)%) * °o(2 - x)e

- - iuox} (3)

Equation (3) demonstrates the expected standing wave plus a traveling wave

of low amplitude (the result of the attenuation) moving to the right.

At this point, 1t may be of interest to determine the "Q" of this coax
being used as a resonant cavity. "Q" {s defined as the energy stored in the
cavity divided by the enﬁggy dissipated in the walls per half cycle. The
stored energy is simply -—%%391 from (3) integrated over the volume between
the coax walls. For a coax with the inner and outer radii a and b respectively,
the flux of energy into the coax is %; Hf Zwazzn %u which in steady state is the

dissipation rate. "Q" is therefore:
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Qs Lt n ,
RASPR N (4)

L¢
where we have used the fact that, for a resonant cavity, 2 % L = 2nm.
(Here, and in the following, we neglect a in comparison to % ). Now, when

L = 500 cm, then the coax 1s resonant simultaneously to f = 270 mHz,

f = 240 mHz and their third order I.M. product 300 mHz. Setting 2 = 500 cm,
f = 300 nHz and o = 2 x 107 cn™! (coax UT 141, see Ref. 1) 1n (4), we obtain
Q = 500.

We now return to the task of determining the I.M. products. The I.M.
field, as are the source fields, will be considered to be composed of right
traveling waves and left traveling waves. The sources, being traveling waves
also, will feed energy into only those I.M. waves traveling in the same
direction. For 1t is only with those waves which are traveling in the same

sense that the sources maintain a constant phase relationship.

The I.M. products are generated in the same fashion as in Reference 1.
That is, for 0 < x < ¢, the right traveling I.M. wave produced by the right

traveling source is equal to

~38x jwt - i, (5)

H = - (e -e ) e c
RIM g4 3e) (82)

using the same notation as in Reference 1.2 7o (5) must be added all the

right traveling IM waves which have been reflected 2m times (m = 0, 1, .. =)

2. Actually, in addition to the propagating .M. waves of the type as given
by Eq. (5), additional I.M. thermal currents (at w=2wi-w,) will be pro-
duced in walls of resonant cavities (this follows upol sﬁbst1tut1ng the
total standing fields, Eq. (3), into Eq. (13) of Ref. 1). However,
though at I.M. frequencies, these currents have "wrong" k-vector,

k # %, and do not support therefore propagating I.M. modes.
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-af - W
ad e . (e-381_e-09_) 5 e~ ZMal e-iT X - ax (6)
(a-38) (281) m

and those produced by left traveling sources) which have been reflected (2m + 1)

times

K1Y

- W
ad € 3 (e-382 S e g g-dmat -iT X - ax (7)
(a=38) (282) m

When this is done, we get (for a coax resonant to all, impressed and IM

frequencies, and for af and 8% << 1)

-38x “aX 4w

d ae - 3ge X
H . ! e’ ¢’ . (8)

Similarly, to the left-hand running IM wave,

ad 8-381 (e'33(2'x) - e'a(""x)) ei% X . (9)

(a=38) (28%)

must be added all the left traveling I.M. waves which have been reflected
2m times,

ad e'382'°‘£'(e-3ez' e g o~ 2Mat e-a(z-x) +1 -‘é—’x ! (10)
(a=38) (232)5 m

and those reflected (2m+1) times,

w
ad 14} e-332 e-az) r e-Zmaz e-a(z-x) + 1 T X . (11)
(a=38) (282) m
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Summing up, the total left running wave is then

H . ad ae 38(2-X) _ 3Be°°(l'x)) et % x (12)
LIM, total 3 '
(a-38)(282) a

Making finally the approximation that, for the resonant cavity,
8x and ax << 1 (valid for C < x < ¢), we get the total IM standing wave

2ad (0-38! w .
H B e cos (_.x ) . (]J)
IM, standing a(a-38) (282) c

The fields propagating in any direction, particularly at x = ¢,
differ 1in magnitude from the results of Ref. 1 (Eq. (26)) by the factor

1

Ly 104 (coaxUT 141)
La(282) V8

8
and the power transmitted in any given direction augmented by 1%1 ~ 1.5 x 10°.
[The augmentation factor for power can be written also in terms of the Q's

of the cavity for the vartous frequencies (Eq. (4)) as

2
1 O Q05
q ';i?' nons

where the subscript refers to a particular frequency and n; = %% .]
Thus the power propagating to the right at x = ¢ is given by 1

17 p2 P iy

] Ppa° watts (2 in meters) (14)

P=2.7x10

Taking P1 = P2 = 30 watts and ¢ = 5 meters, then P » 2 x 10']] watts.

This is a very large IM signal. Such magnitudes are not expected to happen
in practice because waveguides are pretty well matched at the ends and have

iow reflection coefficients. However, if resonant cavities do exist in
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microwave circuits, then, because of the high fields encountered, they
should be considered as valid candidates for IM production. Their analysis
will be more complicated because of the multimode structureswhich are usually

allowed in such cavities.

A1-113



ADDENDUM 7

INTERMODULATION OF NOISE LOADED CARRIER
DUE TO A POOR METAL-TO-METAL CONTACT

74-7130.28-08
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SUMMARY

Intermodulation is analyzed due to a small discontinuous deviation
from linearity for the case of n narrow-band Gaussian noise signal sources
in combination. It is found that the presence of out-of-band channel
signals reduces intermodulation products falling in a narrow-band receiver
channel. This reduction was found to be inversely proportional to the
number of equally intense (out-of-band) signals with that number raised
to a power equal to the order of the intermodulation products that happen
to fall in the receive band.
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INTRODUCTION

One of the most commonly encountered causes of intermodulation in
antenna systems is the very small nonlinearity which occurs at the junction
of two pieces of metal that carry current. Intermodulation products due to
a small nonlinearity has been observed consistently even where the contact-
ing pieces are made of the same material. Data on the shape of the non-
linearity is unavailable; however, it is well-known that the degree of the
nonlinearity is quite small. It is so small that there has seldom been
any reason to investigate linearity of clean metallic connections. Where
receiving and transmitting antennas are adjacent to one another inter-
modulation effects smaller than one part in 10 million are of major interest.
This situation has caused this paper to be written.

A plausible explanation for the nonlinearity in a metal-to-metal
connection is suggested by a micrographic view of two metallic surfaces
which are placed in contact. When viewed under sufficient magnification
any surface will appear rough. It is then clear that only a fraction of
the total overlapping area is in metallic contact. The metallic surfaces
not in actual metallic contact are separated by a small gap which acts as
an insulator. The insulated regions are formed by gaps of variable thickness
that are best characterized as extremely thin. Insulated regions present a
potential barrier (to electron flow) which is of the form supporting current
flow-by tunnelling. That is, electrons at energy levels well below the
height of the potential barrier may {urnel through the barrier because it
is sufficiently thin. It is well-known that current flow by tunnelling
exhibits nonlinear behavior at voltage and current levels centered around
zero. Of course, current flow by tunnelling is presently an hypothesis

that remains to be proven.

Current flow by tunnelling is in parallel with the flow of much larger
current through regions in good metallic contact. Normally current flow by
tunnelling is low enough to be considered negligible relative to current
flow by conduction through metal-to-metal paths. However, this has not
always been the case in the FLTSATCOM antenna system. In cases such as
this, we must consider current by tunnelling since this mechanism may

A1-116



explain intermodulation which is almost always observable when two current
carrying pieces of metal are placed in electrical contact (but not perfectly
soldered). We shall consider nonlinear forms suggested by tunnelling.

The work presented here is based on the following model and assumptions.
The metal-to-metal contact is considered separated from remaining parts of
the structure or circuits. This can be done without affecting the usefulness
of the result because the nonlinearity is small. Currents and voltages can
be determined using linear analysis since the deviation from linearity is
so small. Using the best available information on admittance at the metal-
to-metal junction, voltage across the junction may be estimated using linear
analysis. The voltage determined in this manner may then be considered to
be the excitation which drives the nonlinearity associated with tunnelling.
Since the only nonlinear effects of interest are products that are otherwise
absent, only terms expressing signals at new frequencies need be considered.
These can be considered as signal sources located at the metal-to-metal
junction. The effect of the junction itself and the effects of the entire
circuit on new signal sources must then be determined in order to calculate
intermodulation products that will be observed at the terminals.

The purpose of the present paper is to determine trends and frequencies
that may be generated by a metal-to-metal junction. It is hoped that the
relations determined here will aid in deducing the nature of nonlinearities
introduced when current flows across two pieces of metal in contact. It is
also hoped that present analysis will suggest experiments that could be
performed to determine the nature and magnitude of the small nonlinearity
associated with simple metallic contact.

MODEL ASSUMPTION

Whether due to tunnelling or some unknown effect, a metal-to-metal
Junction will be represented by two parallel components, one linear and the
other nonlinear (see Figure 1). The nonlinear path is taken to conduct a
negligible part of the total current, I, that flows into the junction. A
voltage, IRS, is assumed to be impressed on the nonlinear path having a
characteristic something like that shown in Figure 2.
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Figure 1. Approximate circuit used to represent a metal-tc-

metal contact for intermodulation analysis.

current, 1s ' is -
-b
0 - ////
b
impressed voltage, v

Figure 2. A plausible model for tunnelling current.
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The form shown in Figure 2 can be changed without modifying the
effects of the nonlinearity significantly by simply adding a small linear
term to the branch representing the nonlinearity. In order to keep the
circuit unchanged, we add and subtract equal conductances 50 that the
combination effect is zero. The negative conductance is added in parallel
with the current generator representing the nonlinearity. The positive
conductance is added to the shunt on the right. The combination of the
current generator and negative conductance is given by

i, = i_ - vg (M
where ° =
g = the modifying conductance.
ANALYSIS

The negative term in Equation 1 is balanced by an equivalent positive
term that is combined with a term representing current flow in Rs. This
manipulation is illustrated in Figure 3.

SRR TN |
ﬂl; R

w

Figure 3. An equivalent form for the circuit in Figure 1.
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Using the expression for 1s shown in Figure 2, current flowing into the

circuit within the dashed box 1s given by

a(v-b)-gv
1t = ( =gV for
a(v+b)-gv

Setting g equal to a, Equation 2 becomes

-ab

1t ={ -3V for

( +ab

Equation 3 is close to the form of a hard 1imiter (see 1llustration in

Figure 4).

if v>b
-b<v<hb

if v<=-b

Figure 4. An equivalent form of the nonlinearity shown
in Figure 2 (as expressed by Equatiow 3).
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For the purpose of nonlinear effects analysi‘, the nonlinear forms shown
in Figures 1 and 3 are equivalent. This observation is based on the fact
that the two forms differ by only an additive linear term. The equivalence
is supported further by recalling that the additive linear and negative
term (which was combined with the nonlinear term) is exactly cancelled by
an equal positive term which, incidentally, tends to lower the resistance
of the shunt path (shown as RS in Figure 1). Since the maximqm current
due to the nonlinearity is expected to be very small, the positive
conductance term (combined with Rs) can be neglected for simplicity. It
then follows that intermodulation products due to the nonlinearity in
Figure 1 can be determined using analysis for limiters already appearing
in the literature.

Note that considerable variation in the shape of the nonlinearity can be
accepted without going to something besides a l1imiter as an analytic model.
For example, use of a value for "g" which is greater than the coefficient
"a" will convert a nonlinearity 11ke that in Figure 5A into a limiter.

Use of a value for "g" less than "a" will convert the nonlinearity in
Figure 58 into the limiter in Figure 4. These same general ideas can be
applied to nonlinear forms that convert to smooth limiters having the
characteristic given in Figure 6. The smooth Timiter in Figure 6 is given

by

. +v=lr f X 125) 5 (8)
S
- af/2110

A

Figure 5. Alternative Nonlinear Forms that Reduce
tc the Limiter Form Shown in Figure 2.
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Current
1

Figure 6. A Smooth Limiter

By simple addition of a linear term this smooth limiter in Figure &
appears as shown in Figure 7.

Figure 7. Smooth Limiter of Figure 6 plus an Added Linear Term

It is clear from arguments presented immediately above that inter
modulation occurring in a limiter is the same as intermodulation occurring
in nonlinearities of the form expected with tunnelling. The essential
feature of the nonlinearity allowing reduction to a limiter is that it must
be described by parallel lines for large values of the argument. The entire
approach presented here is based on the assumption that the nconlinearity
does not modify the wavaform which drives the nonlinearity. Second order
effects of the nonlinearity have been neglected. This approach is limited
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to situations where a very small nonlinear effect is combined with a very
large linear term. The applicability of the analysis is limited to cases
where intermodulation is between frequency comprnents in the driving wave-
form at the exclusion of interaction with new (small) components introduced

by the nonlinearity.
TWELVE NOISE LOADED CHANNELS

The twelve spectral concentrations of power transmitted by the
FLTSATCOM satellite are assumed to generate a voltage across one of the
small nonlinearities described above. New frequencies due to inter-
modulation of the applied signal will now be determined by calculating the
autocorrelation function of the current generator, 1s’ shown in Figure 1.
The output power spectral density of this current is then obtained by
taking the Fourier transform of the autocorrelation function for is.
Intermodulation products falling within a receiver band are then revealed
by inspection of the spectral density of the current, 15. at receive band
frequencies. Of course, the amplitude or power level of noise due to
intermodulation depends on the transfer characteristics of the transmitter
and receiver antennas, and in the present context, this would be a rather
complex relation beyond the scope of the present paper. However, trends
can be determined due to variation in the number of transmitted bands.

The literature contains a consideradle quantity of analysis of the
passage of noise signals through limiters. This work is directly applicable
to the relation between current, 1s’ and voltage, v. [The author has given
up the pleasure of concealing and reproducing previously published analysis,
thinking i1t would be a vain attempt to amaze the reader.] The smooth
limiter illustrated in Figure 6 will develop an output signal having an
autocorrelation function given by(]) (for Gaussfan nofse)

1 . =] Q!T!
R, (1) = —= sin [ }
is ZIIKZ 1 +a
where

o(1) = the normalized autocorrelation function
of voltage, v.

(])J. B. Thomas, Statistical Communication Theory, John Wiley and Sons,
Inc., 1969, p 302.
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Note that the smooth limiter defined in Equation 4 converts to the
standard hard limiter (except for premultiplication by a negative sign).
When o = 0 the smooth limiter in Figure 6 converges to the limiter in
Figure 4 with a = 1/(2Kb) and b = 0. The standard hard limiter is a good
approximation to the limiter in Figure 4 when b is much less than the RMS
value of v. When the excitation is sufficiently large, coupled with a
nonlinearity which is small, the nonlinearity can be approximated by the
conventional hard limiter (except for the sign reversal). When the hard
limiter is an adequate approximation, the autocorrelation function defining
intermodulation products is given by (for Gaussian inputs)

Ryple) = —g sin”! [o(x)] (6)

We have seen that the hard limiter in Figure 4 will introduce the
same intermodulation products as th: assumed nonlinear form suggested by
tunnelling (Figure 2). Except for a sign reversal, Figure 4 corresponds
to the exact hard limiter that has been treated in the literature. A
numerical analysis of the exact hard 1imiter appears in Reference 2. This
analysis relates the correlation function for limiter output to the
correlation coefficient for limiter input. The amplitude of the non-
linearity (ab in Figure 4) is expressed in Reference 2, by X where X is
the ratio of the magnitude of "ab" to the RMS value of v (with v in the
form of gaussian noise). One would expect the exact hard limiter to
approach the approximate hard limiter assumed to obtain the result in
Equation 6. This is seen to be the case with reference to Table I and
Figure 8. Table I presents results taken from Reference 2 for X = .2
together with an evaluation of Equation 6. Figure 8 is simply a
plot of results from Reference 2 for X = .2 combined with a plot of

(Z)Laning, J. H. and R. H. Battin, Random Processes in Automatic Control,
McGraw-Hill, 1956, Appendix B.
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Equation 6. Comparisons in Table 1 and Figure 8 were based on the
observation that if X = .3, then

where

o2 is the total power of noise fluctuation of v.

Table 1. Ratio of the Autocorrelation of Limiter Output to
Input Noise Power (Ri/oz) as a Function of the In
Input Autocorrelation Coefficient, p.

Ry/o
° f:r:f::r Equation 6
.05 .00126 .00127
10 .00252 .00255
.20 . 00506 .00513
.40 .0103 .0105
.50 L0131 .0133
.80 .0232 .0236
.90 .0278 . 0285
.95 .0308 .0319
1.00 .0358 . 0400

* From Reference 2
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04 - EXACT ANALYSIS ~—u 2

*

o

w
™

EQUATION 6

RELATIVE AUTOCORRELATION FOR, i.
8
1

A 1 1 ol 'y | 1 i o

1
0 .‘ .2 .3 .4 |5 -6 .7 l8 09 ].0
AUTOCORRELATION COEFFICIENT FOR v, P

8

Figure 8. Comparison of Equation 6 with the Exact Hard Limiter.
The exact hard 1imiter appears the same as Equation 6
except for p greater than .95.

A11 of the nonlinear forms described introduce intermodulation products
that are described by the inverse sine function if the excitation is large
compared to the width of the transition. We have seen that the exact hard
limiter and smooth limiter differ in descriptive coefficients but not in
form. The output autocorrelation is expressed by the inverse sine of the
correlation coefficient for the driving signal. This is a significant
observiation even though the Fourier transform of the inverse sine function
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is not expressible in closed form. The significance of the observation
is revealed in the series expansion

I 35

arcsinptp'r"-g +wo +§%%p7

¥ ooc

for p < 1

- —% < arcsin p <

N".::

Intermodulation is determined by terms with ¢ raised to odd powers
higher than unity.

The autocorrelation function, p, is determined by all narrow-band
signals which are present in combination. In order to determine, o, we
consider the autocorrelation function for a single narrow-band channel.

Computations can be simplified by using an approximation for the
passband which simplifies the expression for p. When expressed in terms
of the usual Fourier transform domain (which includes negative frequencies),
we approximate a narrow-band noise loaded channel by

] ]
sin(w,+uw)B sin(w -u)B.

e S

where wy = 2nf1 (7)

f, = center frequency of the channel

B1 = bandwidth of a narrow band channel

The autocorrelation function for this narrow-band noise signal is then
given by
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. Jur
R = [F (w dw
(1) fﬁ Je’ g

or

R;(I) = NB1 [u(r+ %1) - u(r- %1)] COS w,T (8)

where

u(t+ % ) = unit step function at (v = - % )
i 1

We shall assume all twelve of the narrow-band channels arer °
pendent so that the autocorrelation function of all twelv: charne
can be written

R(t) = —j7?](w)*F2(w)+-.-*F]Z(uﬂ ] ejw‘%% (9)

-0

It is then clear that the autocorrelation function for all twelve
noise loaded channels is simply the sum of the autocorrelation functions
for each individual channel.

Let us consider the autocorrelation function for n channels with
identical bandwidths ar? well separated center frequencies. The auto-
correlation function for this combination is then

n

Rt(r) = NB[U(T"’ ]g)-u( - %—)] Z €OS w,T (10)

=1

and the related autocorrelation coefficient is given by

n
R, (1)
pt(r) = R_:_('O')": :] [u(ﬁ %)'U(I" %)] Z €OS w1 (11)
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jas—————

The autocorrelation function for the output of the assumed limiter

is then
n
2
R, (1) = 2(ab) - sin']{l[u(r- ]—)-u(r- ‘—)] E ' cos w-r} (12)
i n n B B _‘ i
S
i=1

and the power spectral density in the output of the limiter is given by

oo

Folu) = j Ris(r)e-jmdr

1

B n 1 -5
: f Z(ab)Z [sin'] {% Z cos wit} e 97y (13)
m J
]
B A is)

The 1imits oﬁ the integral allow the unit step functions in the definition
of o to be dropped.

Since the integral in Equation (13) can not be expressed in closed
form, the series just before Equation (7) is substituted for the inverse

sine and
1
: 3 5 7
2 =jwt
F (w) = ‘/r 2(ab) [p + + 1'3 o+ 1:3:6 po" + ..] e dr
0 Lo I 785 76T
"B
where
p
= l COS w,T
" n :E:: i
i =]

When our only interest is in new frequencies we consider the term

containing p3 and higher power terms after this is complete.
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n 3

o3 = % Z COS wyT (15)
n
i =]

Equation (15) can be rewritten as

n
SEIDD PO
p" = cos r+3 / cos .7 COS .1
nT v Y5 j
=1 gzl
j=i
+GZ Z ZCOSM1 cosLbJ‘*coswk: (16
J = ]
J=1 = i
J=k k=3

By using trigonometric identities, the powers in Equation (16) can
be eliminated and the result 1s

n
Z (cos 3wyt + 3 cos w,t) (17)
i =1
n n
Z L [cos(2w1+wj)r+cos(2w1-wj)r+2c05wjr]
j =
J =~
n n
+ 6 Z Z Z [COS(w-‘hu-*w Jitcos(w. tw.-w, )t
i=1 §=1 k=0 I Tk
J=1 k=i

J=k k#®3 + COS(mi*wk-wJ)I"COS(ulj*wk-mi)l] "
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To better understand the trend as higher powered terms are considered,
observe that

n 2 n n

Ay 3

05 z 93 ——;— Ly €05 uT = 9—2- Z coszwir +2 E

n n ;
i=1 i= i=
n

Z coSs wir cos wJ. T

j=1

J =i

which can also be written

n n n
3
0> o %2-’ 121 %— [cos(Zwir) + 1] + Z Z [c:os(m1 MCTIA

1= 1
i

J
J =
cos (w,l -wj)‘r] (]8)

Substitution of terms in Equation (17) for p3 in Equation (18) will
iiit: Juuce new terms indicating that the following new frequencies will be
present in addition to those indicated in Equation (17).

3w1+2w,j’3w1-2wj
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If the subscripts in the above set are allowed to take on values
related to all possible frequencies that are present, we see that new
frequencies introduced by the term raised to the fifth power correspond
to frequencies that have been defined as fifth-order intermodulation products.
Note that o5 also adds terms at frequencies of third-order intermodulation
products.

To provide a clear interpretation of these results, select one thir
order intermodulation product. Any one of them will be due to a te:
in 03 of the form Am oS w. T, where W 1s the angular freque of the inter-
modulation product of interest. The power spectrum of that term is given by

Fom(w) a f Am oS w1 E-Jwtdt (19)

Completion of the integral in Equation (19) will result in the
original form given in Equation (7). That is, the noise spectrum about
each intermodulation product will be the same as the excitation spectrum
if each channel is sufficiently different in frequency to prevent signifi-
cant overlap. Assessment of the degree of overlap will depend upon an
investigation of al! intermodulation products. However, the frequencies
are no different than they are with unmodulated carriers. Note that the
shape of the spectrum in the neighborhood of each intermodulation product
woud be expected to vary from term-to-term in practice. It was the
assumption leading to a uniform amplitude on R1 ( t) which caused the
equivalence in shape for input signals and an intermodulation product.

The analysis above emphasized the effect of added noise loaded
carriers on intermodulation products appearing in a given receive band.
The following portion extends this work by replacing an artificial
assumption with a representative form for the shape of a rnarrow-band
spectrum. The spectral shape which was assumed for simplicity of
analysis was acceptable for deriving trends with added noise loaded
channels that were well separated in frequency. However, a nore realis-
tic assumption will now be assumed which does not complicate the analysis
very much while revealing the variation in bandspread of intermodulation
products.
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It is well-known that a number of single tuned narrow-band amplifying
stages in tandowm can be approximated by a Gaussian shape when all stages are
tuncd to the same frequency. We then assume that each noise loaded channel

has a spectral power density given by

NIt wro; N 2006 wwi V2016
pi(w) E T lexp [-(BRB{ + expl - ?HET N (20)

The autocorrelation function is then (from the Fourier transform of

Pi(w))
n? 2
.Ri(T) = NBf exp| - e (B,I‘l’) €os w;T (21)

The normalized autocorrelation coefficient for n noise loaded carriers
of identical bandwidth is then given by

n
= Lexpl - it (8,1)2 E oS w,T (22)
Ptg * n €*P| " wnT6 ‘7 “3
1=

The spectral distribution of intermodulation products is revealed by
substituting Equation (22) for p in Equation (14) (the 1imits on the integral
in Equation (14) are now taken from - « to + =), The powers on each term in
Equation (22) simply multiply the exponent containing Bi' It is then seen by
inspection that the spectral density of the vth order intermodulation product
is still Gaussian (Equation 20) but of increased bandspread given by

B, = ‘/ v By (23)
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Cross-product terms at the frequency of a given intermodulation product,
but arising from higher order terms, have been assumed negligible. This
usually is an acceptable assumption since higher order terms are effectively
depressed by the coefficient on the respective terms in Equation (14) as well
as the 1/n2 proportionality that m#st be applied to each successively higher
order term due to the coefficient - in Equation (22).

CONCLUSIONS

Several general conclusions can be drawn from derived results.

1. Note that although the fifth (and higher) powered terms may contribute
to third order intermodulation products. The magnitude of the contri-
bution is small because it is suppressed by at least (l/nz).

2. Intermodulation products appearing at a specific frequency will decrease
as new noise loaded narrow band channels are added to the combined
signal if the frequency of these channels is such that the resulting
intermodulation products do not fall at the observing frequency. A
channel with this property will be called an out-of-band channel. It
is clear by inspection of Equations (17) and (18) that addition of out-
of-band noise loaded channels will decrease an intermodulation product
inversely proportional to the number of out-of-band channels raised to
the order of the intermodulation product. (A1l channels were assumed
identical.)

3. The nonlinearity assumed (Figure 2 or Figure 4) introduces only odd
order intermodulation products.
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PART 2

INTERMODULATION CANCELLATION STUDY
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SUMMARY

A 3/8 scale investigation was made of active and passive IM product
suppression schemes applicable to the FSC. Three types of IM product sam-
pling antennas were tested. The output of the sample antenna is used in
both passive and active cancellation techniques. An array of four 9-turn
helices was investigated for usefulness as a receive antenna. The array
factor of this design provides an additional means of control of the trans-
fer loss (isolation) with respect to radiation of IM products from the trans-
mit antenna structure. An active suppression system developed by American
Nucleonics Corp. for use on another program was tested with the 18-turn
receive helix. These tests produced some 20 dB of additional suppression
over that provided by the basic transmit antenna to receive helix path loss.
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1. INTRODUCTION

This report describes a set of preliminary investigations carried out
into active and passive IM product suppression techniques suitable for the
FSC application.

2. OBJECTIVE OF CANCELLATION SCHEMES

The objective of the cancellation schemes investigated for the FSC
application is to reduce the intermodulation products appearing in the
receiver input channels by obtaining a sample of the interference and add-
ing it to the signal-plus-interference in the receiver input with the phase
and amplitude of the sample adjusted so as to cancel the interference in
the receiver input. Cancellation schemes are identified as either active
or passive depending on whether the phase and amplitude of the sample are
automatically adjusted by electronic means or whether that adjustment is
accomplished manually,

3. IM SOURCES AND POTENTIAL LOCATION

The IM sources can be located {n the feed cable to the transmitter
antenna, in the feed of that antenna, and in the reflector of that antenna.
Their locations and relative magnitude are dependent on the physical charac-
teristics of these component parts. This aspect of the IM product problem
is treated at length in Part 1 of this Appendix.

4. IM PRODUCT SPECTRAL AND POLARIZATION CHARACTERISTICS

The frequency level from 292 mHZ through 311 mHZ contains the highest
IM level and in this band the level is relatively uniform in spectral den-
sity for fully loaded transmitters. IM polarization characteristics depend
on the spatial orientation of the surfaces on which they flow. In the
region of the receive antennas components both in line with the transmit
antenna axis and at right angles to that axis are found to exist.

5. DESIRED AND REQUIRED CANCELLATION PROPERTIES

The transfer function between the transmit antenna and the sample
antenna should be the same as the transfer function between the transmit
antenna and the main receive antenna for optimum performance of either the

active or the passive cancellation scheme.
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6. IM SAMPLING ANTENNA CHARACTERISTICS

For use as sample antenna a loop whose axis is in line with the trans-
mit antenna axis, a quarter wave monopole similarly aligned, and a half wave
dipole whose axis is at right angles to the transmit antenna axis were
tested. They were each located on the ground plane ring of the 18-turn
receive helix. The transfer loss and phase of the half wave dipole are
shown in Figures 1 and 2. The transfer loss and phase of the one wavelength
loop are shown in Figures 3 and 4. The quarter wavelength monopole was
used in the ISS'suppression, performance tests, and its transfer loss and
phase are shown in Section 8 (see Figures 12 and 13).
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7. ACTIVE CANCELLATION

Active cancellation schemes have the potential of automatically adjust-
ing for changes that may take place in the magnitudes, phases, and locations
of IM product sources over a period of time. Their disadvantages inclide
the added hardware weight and volume requirements and the necessity for
"~ space qualification of any candidate equipment.

Active cancellation techniques have been investigated in TRW in ea! cr
programs. One such investigation is described in I0C 72-732! .(0)3-17 of
3 October 72. The fundamental technology is closely similar to that uscd
in the Interference Suppression System (ISS) of American Nucleonice
Corp. (ANC) whose tests are described in this report. A unit fro- the
Compass Clear program of the Air Force Avionics Laboratory (Contract F33615-

72-C-1772) was made available for those tests which were carried out by TR
and»ANC personnel on the Building R-2 antenna pattern range.

A block diagram of the ISS tested is shown in Figure 5. Pin diode
modulators are used in the A channels and Schottky diode detectors are used
in the B channels., The device functions by cross correlating the undesired
signal components (the error signal) in the main receive line with corres-
ponding components obtained from the sample antenna circuit., The cross
correlation products are used to adjust the magnitude and phase of the
injection of the undesired signal components in the main receive line with
this injection phased so as to minimize the undesired signal in the main
receive line.
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8. PrRFORMANCE OF THE ANC ISS AT 3/8 SCALE

Figure 6 shows a photograph of the 3/8 scale transier 10ss measure-
ment set-up which was installed on the roof of the antenna range penthouse
on Building R2 at Space Park. In the photo two of the three types of sample
antennas which were tested are visible at the ring of ground plane of the
18-turn receive helix. The vertical quarter wave monopole is located on the
near side of the ring and the half wave horizontal dipole is locat n ot
ring between the receive and transmit antennas. A one wavele gth horizental
loop was also tested, and 1t was located at the ring of the ground plan
diametrically opposite the vertical monopole. The location of the tret
instrumentation is shown immediately telow the antenna assembiy ir
Figure 7. Figure 8 shows the antenna assembly with the ANC 155 equip-
ment in place for the active cancellation tests. A close-up of the ANC ISS
unit is shown in Figure 9.

Figure 10 shows a block diagram of the test instrumentation used in
the transfer characteristics measurements. The outputs of two HP612 sig-
nal generators and the HP8690 sweep oscillator are combined with hybrids
and connected to an Alford 508 TWT amplifier which drives the transmit
antenna. The 18-tum receive antenna 1s connected into the ANC ISS which
then connects into the test channel of the HF3411A connector. The output
of the sample antenna was amplified by about 10 dB by an Amplica Model
50 CCTL amplifier of nominally 30 dB gain padded down by 20 dB to prevent
its saturation. Both transfer loss and transfer phase measurements were
obtained for the several combinations of elements which were tested.

Figure 11 shows the system calibration. It gives the transfer loss
measured using a 40 dB pad in place of the unknown. The deviation from
40 dB obtained over the band is due principally to the TWT characteristics.
The reference input channel of the HP8411A converter was taken directly
from the output of the HP8690 sweep generator to ensure that only the sig-
nal from that source appeared in the reference channel. This places the
TWT characteristics effectively in series with the unknown impedances under

measurements.
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Figure 6. Photo of Transfer Characteristics Test Setup

Figure 7. Photo of Transfer Characteristics Test Setup
Showing Instrumentation Placement
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Figure 8. Photo of Transfer Characteristics Test Setup
With ANC ISS In Place

Figure 9. Photo of ANC ISS (Closeup)
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Figures 12 and 13 give, respectively, the transfer loss and transfer
phase of the monopole sample antenna and the 18-turn receive helix over
the frequency range from 750 mHZ through 1000 mHZ. The two antenna charac-
teristics match one another reasonably well except at the high end of the
band.

Figure 14 shows the performance of the ISS over the 750 mHZ through
1000 mHZ band with two IM components simulated. One IM is placed at
780 mHZ with a power level at the signal generator of -10 dBm, and the other
is placed at 900 mHZ with a power level of -9 dBm at the signal generator.
These two injected signals have captured the synchronous detectors of the
ISS. The level of the signal from the sweep oscillator is sufficiently low
that it is able to probe the transfer characteristics of the ISS system
without affecting the action of its synchronous detectors. This considera-
tion is important to permit observation of system performance without affect-
ing it. For example, if only the probe signal were significant, the ISS
would track it as it sweeps, and a maximum of suppression would be achieved
throughout the band irresepective of the match of transfer characteristics
between sample antenna and the main receive antenna.

Figure 14 shows that over the band where the IM production in the
FSC are most significant, 780 mHZ through 830 mHZ, rejection of the order
of 20 dB is achieved by the ISS.

Figures 15, 16, and 17 show photos of a set of spectrum analyzer
tests which were made. Each figure shows the transfer loss of the system
with the ISS shut off and with it turned on. To get these photos, the
sweep oscillator was operated at about 100 sweeps/sec, the spectrum analyzer
at about 1 sweep/sec, and two one-second exposures were made. The injected
signals simulate IM products and their levels were set at -10 dBm in all

cases.

In Figure 15 the injected signals are placed at 780 mHZ and 830 mHZ.
The photos indicate that both these injected signals are reduced by about
26 dB through operation of the ISS. The third strong line appearing in the
photos appears to be an intermodulation product of order 2fy - f1. Its
reduction by the ISS is about 10 dB. If it were produced in the Alford TWT

A2-15



Zhid N1 ADN3

33Uy XL|SH Pue 3|0dOUOK 4O SSO7 JI4SUBUL

no3d:

‘71 24nby

1
|

4

4 —

SS

4 |
N
/

———

f\(l\n\

A~ ]

T

I1040ONOW

|

!

200 © XIT13H 181 + 1Ml
04T ©® ITOdONOW

90 NI SSO7 d3I4SNVHL

A2-16



e el

SPUUdIUY XL|3H pue 310doUOH JO Iseyq J3jsueaj °g| aunbL4

ZHW NI ADNINDIYH
05Z

|
\
)
i

ozl

081

A2-17



UC DUt 330 SST UILM XLESH 3O SSO7 Jajysuedj ‘| 8u4nbiy

ZHW NI ADNIND IS
o

8
|E
g

sl -y

t
i

. :
iy e J t — 1
H 4t et . i .
I TR 3 1 I 1 ||
e+ rrdrram 1 i £ =3 = x
R = e H 1 s _. :
I G R 4l I ' :
R nl R - I |1 E H -
B R TR BT S o e 1 L - = i i = ! q H ¥ i
= - i : £
§ e P S S 7 . } ¥ o B
b s s L. ro-wr f EEER H ¥ 5 H
- fm - ro- T 1 TR RS I ey 8 i 1 H e
- et | R B B R TR S s bk
4 P Sk - == = L _— - -
: : g (€ ML TY 14D s L F RS WEOGE 8 TN P mass Grt : ==
T * ._ sgaap —fr———t 'R g 8o "RTSET ESEEE i | S
111 1 R e B S | AN I (S P FiE ) i B
i ._.... |-t = Rl St it e B | SRR . P! S Sl 1 el 1= g= -
1 xL | —F e
o dde 1 b e S e e g L33 ] Al L 1 o a mar = i f
= de= I bdhdsd gadad tone geaaghal el ol ko e P E i 1
ried - n- | SRR i | + il I il 5 H 0 ey 130 | L |
& 1 - . & A RE TR SR | < R LTS —"r = L L - — i hix L |
# E | bl | i el I al
¥ - —_ [} “ i
e B R " i =
H - - ] + "
e [ i -
—
D | f o
F- ¥ 4
H B '
1 ¥
RS A +
H H |
. - '
e - g - i
- -——— PR —
. | i-
r - - - -
oy i 'l "
¥ 4 ! 4
= = mla | el [R ]
._ | ! ] t == ||.|ﬁ 1 . ¥ ' ! |
pos-rsn ' " -4 - - S =eie < - § I : ]
s "= oo == i " + e . = 5 ¢ 4 4 H
S St ESRR AT : R T P et i SR FEST SRR SERNS PR W
—— — - L I [ s

.
S

80 NI SSO1 ¥34SNV¥L
A2-18



(a) 1SS Turned Off

(b) ISS Turned On

Figure 15. Spectrum Analyzer Photos. Simulated IM Products
Injected at 780 mHZ and 830 mHZ. Frequency Sweep
Range Approximately 750 mHZ-1100 mHZ. 35.5 mHZ/cm.
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(a) ISS Turned Off

(b) ISS Turned On

Figure 16. Spectrum Analyzer Photos. Simulated IM Products
Injected at 780 mHZ and 860 mHZ. Frequency Sweep
Range Approximately 750 mHZ-1100 mHZ. 35.5 mHZ/cm,
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(a) ISS Turned Off

(b) 1SS Turned On

Spectrum Analyzer Photos. Simulated IM Products
Injected at 780 mHZ and 900 mHZ. Frequency Sweep
Range 750 mHZ-1010 mHZ. 25 mHZ/cm.

Figure 17.
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it would be expected to be reduced approximately as much as the injected
signals were, hence it is suspected that it was in part produced in the
Amclica amplifier inserted in the reference channel input to the ISS.

In Figure 16 the injected signals are placed at 780 mHZ and 860 mHZ.
The signal at 780 mHZ is reduced by 30 dB, and the signal at 860 mHZ is
reduced by 24 dB through operation of the ISS. Analogous to the previous
case, a third strong line appears on both photos, and it is reduced by
about 4 dB by the ISS. Again, this is suspected to be a 2f2 - f1 spur
principally produced in the Amplica unit,

In Figure 17 the injected signals are placed at 780 mHZ and 900 mHZ.
The >ignal at 780 mHZ is reduced by 28 dB, and the signal at 900 mHZ is
reduced by 21 dB. The spurious strong line seen in the two preceding sets
of photos is abéent in this set. A 2f2 - f1 spur would be located just
off the scale to the right, hence would not appear in this photo.

In operation against two injected signals as was the case in these
tests, the ISS achieves a compromise solution in that it tends to minimize
the average interference energy of the two signals. From the spectrum ana-
lyzer photos, this solution is seen to be a good one also for frequencies
lying between those of the cwo injected signals. The envelopes of the
sweep oscillator hits (the spectral lines) in the upper photos of the three
sets, Figures 15, 16, and 17, when compared to the envelopes in the lower
photcs of the sets, show that the transfer loss has been considerably
increased by operation of the ISS at frequencies lying between the frequen-
cies of the two injected signals. For example, in Figure 15 where the two
injected signals are at the edges of the (scaled) frequency band of primary
concern from an IM product standpoint in the FSC, the highest point of the
spectrum lying between the two injected signals is seen to be reduced by
20 dB, and the average reduction of the spectrum between the injected sig-
nals is some 26 dB.

For frequencies generally removed from the frequencies of the injected
signals, the increase in transfer loss caused by the operation of the ISS
is comparatively low. This behavior is considered to be due in the main to
the imperfect match over an extended freguency range between the transfer
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loss and phase characteristics of the transmit antenna-to-18-turn receive
helix path and the transmit antenna-to-sample monopole path.

To increase the instantaneous bandwidth of effective suppression
enhancement achievable by the ISS, certain steps are indicated. The first
1s to optimize the match of the above identified antenna-to-antenna paths
over the required bandwidth. Equalization networks may be desirable in
this approach. In some cases it may be necessary to use more than one
sample antenna. The detector and control circuits of the ISS can be cas-
caded, hence sample antennas responsive to orthogonal polarizations can
supply cancellation signals to independent ISS circuits for a more complete
cancellation. A third approach is to subdivide the total frequency band
over which cancellation is desired into two or more sub-bands by bandpass
filters and make use of independent ISS circuits for each of the sub-bands.
No degradation of the noise figure of the receive channel should be experi-
enced provided the ISS is connected following a noise figure establishing
preamplifier in the receive channel.
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9. QUAD HELIX INVESTIGATION

An investigation has been made of an array of four helices to deter-
mine its potential as a main receive antenna. The interest in this design
1ies in the possibility of making use of the array factor of the four ele-
ments to minimize its response to IM products emanating from the transmit
antenna.

Figure 18 shows a photo of a 3/8 scale model of the array mounted
alongside the transmit antenna. The center of the array is at the same
distance from the center of the transmit antenna as is the 18-turn receive
helix of the FSC. The interconnections of the array are shown in Fig-
ure 19. The elements are orientated rotationally in the same po-itio:
and they are connected with equal length transmission lines for broadside
operation. The spacing d is chosen nominally to be a half wavelength at
800 nmHZ so that helices Nos. 1 and 2 would have a twa-element array null
in the direction of the transmit antenna, and similarly for helices Nos. 3
and 4. Consequently, the combinations of the two pairs of helices would
have an array null in that direction. Figure 20 shows locatic.: of helical
elements in the array.

The individual helices have the same diameter, the same coned ends,
and are made with the same strip conductor dimensions and spacing as the
18-turn receive helix. Although the circular ground planes have the same
diameter as the 18-turn receive helix, they are not provided with the ring
structure that is used with that antenna. The feed point of each helix is
connected directly to a quarter wave coaxial line transformer made of
RG 59U cable to improve the match of the antenna element te a 50 @ cable.
The hybrids used in the array are Anzac Model H-9.

Figure 21 is a Smith chart plot of the impedance of the Quad helix
array. At 780 mHZ the VSWR is 1.2:1, and it rises to 1.4:1 at 830 uHZ.
Over the band from 700 mHZ through 1000 mHZ it is seen to be at most
about 1.45:1.

The gain of the Quad helix array has been investigated and is shown
in Figure 22. To make this measurement, the array is placed on the

antenna range and is excited by a rotatiﬁg transmitting antenna. The mag-
nitude of the swing of the sinusoidal oscillations of the gain curve
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Figure 18. Photo of 3/8 Scale Model of Quad Helix Array
Mounted With Transmit Antenna
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Figure 19. Interconnections of Quad Helix Array
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measures the ellipticity ratio of the array. Over the band from 780 mHZ
through 830 mHZ the ellipticity ratio is 0.75 dB or less, and it increases
to 1 dB as the frequency is increased to 1000 mHZ. The vertical spikes on
the curve are caused by interfering signals encountered on the pattern
range. Also plotted on the same graph is the gain of a Scientific Atlantic
standard gain horn, Model SGH-0.75, which is installed in place of the
quad helix array with the test conditions maintained the same for both
curves. The gain versus frequency curve of this standard horn is given

in Fiqure 23.

Figures 24 through 31 show the patterns of the quad helix array for
the spacing d = 20". The principal pattern plane of interest is that
which includes the transmit antenna axis. (These patterns were not taken
with the transmit antenna in place.) In this plane the side lobes are
lower than in the plane oriented at 459 to it and are some 15 dB or more
below the main lobe.

Table 1 gives the Net Antenna Performance of the quad helix as
obtained from these data. This parameter drops at the high level of the
band principally because of the narrowing of the patterns there. These
figures include the losses in the commercial hybrids used and can be
expected to improve with improved interconnections designed for the spe-
cific applications. Array spacings from d = 14.75" to d = 23.25" were
investigated. The patterns vary in beamwidth as would be expected. No
particular sensitivity was noted in the gain performance as a function of
spacing. The gain of the array should increase with increased element
length, however the gain performance does not appear to have been optimized
as yet for the 9-turn elements,

Figure 32 shows a transfer loss measurement perfcrmed on the quad
array. As in the case of the gain, the transfer loss performance is not
considered to be optimized and in its present state of development the array
appears to be about comparable to the 18-turn helix with regard to transfer
loss.
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10. CONHCLUSIONS AND RECOMMENDATIONS

With regard to the quad helix investigations, further work is required
to increase its gain and increase its transfer loss for the FSC application.
It is not considered that the potential inherent in the design has been
realized with regard to either of these parameters.

The feasibility of obtaining IM product signals from small unobtrusive
sample antennas which are suitable for use in active and passive cancellation

schemes was demonstrated.

The ANC ISS tests demonstrated its potential for IM product reduction
in the FSC application. Further investigations are required to determine
the optimum combination of sample antennas and parameter correction chan-
nels which would provide the maximum of suppression. Work is required to
configure a design directly appropriate to the FSC.
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